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SUMMARY 

An experiment has  been conducted i n  the  Langley 16-Foot Transonic Tunnel t o  
determine the  s t a t i c  and wind-on performance of t w o  nonaxisymmetric wedge nozzles. 
This  experiment continued e f f o r t s  to  compile a d e t a i l e d  and comprehensive da ta  base 
on nonaxisymmetric nozzles. The nozzle geometries represented t w o  d i f f e r e n t  nozzle 
t h r o a t  areas and expansion ratios. T e s t s  w e r e  conducted a t  wind-off condi t ions  and 
a t  free-stream Mach numbers of 0.60, 0.80, 0.90, 0.94, and 1.20. The range of nozzle 
pressure  r a t i o s  va r i ed  with nozzle geometry and Mach number. Data are presented a s  
discharge c o e f f i c i e n t s ,  i n t e r n a l  t h r u s t  r a t i o s ,  thrust-minusnozzle  drag ra t ios ,  
i d e a l  t h r u s t  coe f f i c i en t s ,  and i n t e r n a l  and ex te rna l  s ta t ic -pressure  d i s t r i b u t i o n s .  
The s t a t i c -p res su re  da t a  w e r e  analyzed t o  determine c h a r a c t e r i s t i c s  of t he  nozzle 
i n t e r n a l  and ex te rna l  flow f i e l d s .  

INTRODUCTION 

Current j e t  f i g h t e r  a i r c r a f t  are designed f o r  high maneuverability over a wide 
range of Mach numbers and power se t t i ngs .  A propuls ion exhaust-nozzle system wi th  
va r i ab le  geometry enhances the  a i r c r a f t  performance a t  d i f f e r e n t  engine t h r o t t l e  
s e t t i n g s .  Recent i nves t iga t ions  of the  e f f e c t s  of nozzle design on advanced j e t  
a i r c r a f t  performance have shown t h a t  nonaxisymmetric nozzles can not  only m e e t  per- 
f ormance requirements b u t  a l s o  allow severa l  valuable  propulsion-system design 
opt ions  ( r e f s .  1 t o  4 ) .  The nonaxisymmetric nozzle geometry i n t e g r a t e s  w e l l  i n t o  
multiengine airframe designs and r e s u l t s  i n  low i n s t a l l e d  drag. 
nonaxisymmetric nozzles a l s o  f a c i l i t a t e s  t h r u s t  vec tor ing  and t h r u s t  revers ing  capa- 
b i l i t i e s  which improve t h e  o v e r a l l  a i r c r a f t  maneuverability and handling charac te r i s -  
t i c s  and reduce take-off and landing d i s t ances  ( r e f .  5 ) .  

The u t i l i z a t i o n  of 

An extensive da t a  base i s  needed t o  f u l l y  a s s e s s  the  i s o l a t e d  and in t eg ra t ed  
performance of nonaxisymmetric nozzle designs.  A de t a i l ed ,  comprehensive da ta  base 
g ives  i n s i g h t  i n t o  the  appropr ia te  use  of d i f f e r e n t  nonaxisymmetric nozzle geome- 
tries. A da ta  base a l s o  provides  da ta  f o r  t e s t  cases  which are e s s e n t i a l  i n  t he  
development and eva lua t ion  of computational methods f o r  p r e d i c t i n g  i s o l a t e d  and 
i n s t a l l e d  nozzle flow f i e l d s .  I n t e r n a l  s ta t ic -pressure  da ta  from severa l  nonaxisym- 
m e t r i c  nozzle conf igura t ions  ( r e f s .  6 and 7 )  have been used t o  eva lua te  the  accuracy 
of two-dimensional and three-dimensional computational models i n  p red ic t ing  nozzle 
i n t e r n a l  flow ( r e f s .  8 t o  I O ) .  

To expand the  c u r r e n t  nonaxisymmetric nozzle da t a  base, an inves t iga t ion  has  
been conducted t o  measure pressures  and f o r c e s  on a wedge nozzle, one of s eve ra l  
d i f f e r e n t  generic  types of nonaxisymmetric nozzles. Two wedge nozzle conf igura t ions  
represent ing  two d i f f e r e n t  t h r o a t  areas and expansion r a t i o s  w e r e  chosen f o r  t he  
inves t iga t ion .  
t e s t e d  a t  s t a t i c  condi t ions  i n  an e a r l i e r  experimental i nves t iga t ion  ( r e f .  11) .  The 
nozzles  w e r e  redesigned f o r  wind-on t e s t i n g  and w e r e  a l s o  modified t o  include exten- 
s i v e  pressure-or i f ice  instrumentat ion.  The two wedge nozzles  w e r e  t e s t e d  i n  the  
Langley 16-Foot Transonic Tunnel over a range of free-stream Mach numbers and nozzle 
pressure  ratios.  
i n t e r n a l  t h r u s t  r a t i o s ,  th rus t -minusnozz le  drag r a t i o s ,  i d e a l  t h r u s t  c o e f f i c i e n t s ,  
and i n t e r n a l  and ex te rna l  pressure  d i s t r i b u t i o n s .  

These two conf igura t ions  w e r e  based on nozzle geometries which w e r e  

S t a t i c  and wind-on da ta  are presented as  discharge c o e f f i c i e n t s ,  



SYMBOLS 

A l l  forces and angles  are r e f e r r e d  t o  the  model cen te r  l i n e  (body axis) , .  Wind 
axes  are equiva len t  t o  body axes s ince  t h e  angle  of a t t a c k  w a s  Oo f o r  t h i s  
inves t iga t ion .  
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2 nozzle e x i t  area, c m  

nozzle expansion r a t io  

maximum cross-sec t iona l  area of model, c m  

cross-sect ional  area enclosed by seal s t r ip  a t  s t a t i o n  67.31, c m  

nozzle t h r o a t  area, c m  

func t ion  used i n  def in ing  hor izonta l  component of supe re l l i p se  geometry i n  

2 

2 
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f i g u r e s  2 and 3 

cons tan ts  used i n  eva lua t ing  a (x '  1 i n  f i g u r e  2 

func t ion  used i n  def in ing  v e r t i c a l  component of supe re l l i p se  geometry i n  
f i g u r e s  2 and 3 

cons tan ts  used i n  eva lua t ing  b ( x ' )  i n  f i g u r e  2 

i d e a l  i s e n t r o p i c  gross  t h r u s t  c o e f f i c i e n t ,  Fi/pmAm f o r  s ta t ic  condi t ions  
and F i / s A m  f o r  wind-on condi t ions  

pressure  c o e f f i c i e n t ,  (p - pml/qm 

ex te rna l  sk in - f r i c t ion  drag measured from m e t r i c  break ( s t a t i o n  67.3 1)  t o  
s t a r t  of nozzle ( s t a t i o n  139.831, p o s i t i v e  downstream, N 

nozzle drag, Pressure  drag + F r i c t i o n  drag, N 

maximum height  of model, c m  

measured t h r u s t  a long body ax i s ,  N 

momentum tare a x i a l  fo rce  due t o  bellows, N 

a x i a l  f o r c e  measured by main balance, N 

w p / R T t , j 2 y ' ( r 1 1 ~  - (e) ( y- 1 1 / y 1, N 
i d e a l  i s e n t r o p i c  gross  t h r u s t ,  

half-height  of nozzle a t  s ta r t  of nozzle b o a t t a i l  ( s t a t i o n  141.731, c m  

i n t e r n a l  he igh t  of nozzle e x i t ,  c m  

he ight  of nozzle th roa t ,  c m  



nozzle length  from start of b o a t t a i l  ( s t a t i o n  141.73) t o  end of wedge, c m  

length  from start of b o a t t a i l  ( s t a t i o n  141.73) t o  nozzle e x i t ,  c m  

l ength  of wedge, cm 

free-stream Mach number 

Reynolds number per m e t e r  

l o c a l  s ta t ic  pressure,  Pa 

average s ta t ic  p res su re  a t  ex t e rna l  seal a t  t he  m e t r i c  break 
( s t a t i o n  67.31), Pa 

average i n t e r n a l  s ta t ic  pressure,  Pa 

tunnel  t o t a l  p ressure ,  Pa 

j e t  t o t a l  pressure ,  Pa 

f ree-stream s ta t ic  pressure,  Pa 

f ree-stream dynamic pressure,  Pa 

gas cons tan t  ( f o r  y = 1.3997), 287.3 J/kg-K 

r' (x '  ) r a d i u s  used i n  def in ing  supe re l l i p se  geometry i n  f i g u r e s  2 and 3, c m  

r ad ius  used to  def ine  s idewall  geometry i n  f i g u r e  5, c m  
I S  

r w,l , r w , 2  

r1 i r 2 , r 3  

r a d i i  used t o  def ine  wedge geometry i n  f i g u r e  5, c m  

r a d i i  used t o  def ine  i n t e r n a l  and ex te rna l  f l a p  geometry i n  
f i g u r e  5, c m  

tunnel  t o t a l  temperature, K 

j e t  t o t a l  temperature, K 

T t  

Tt, j 

i d e a l  mass-flaw rate, wi 

W measured mass-f low rate, kg/sec 

wp/wi d ischarge c o e f f i c i e n t  

X a x i a l  d i s t ance  measured from s t a r t  of b o a t t a i l  ( s t a t i o n  141.731, p o s i t i v e  

P 

downstream, c m  

X' a x i a l  d i s t ance  measured from s t a r t  of model nose, p o s i t i v e  downstream, c m  

a x i a l  coordinate  of nozzle e x i t ,  c m  xe 
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a x i a l  f l a p  coord ina te  a t  nozzle t h r o a t  (see f i g .  5 ) ,  c m  

a x i a l  coordinates  used t o  def ine  f l a p  geometry i n  f i g u r e  5, c m  

f , t  X 

xn 

a x i a l  coord ina tes  used t o  def ine  f l a p  r a d i u s  loca t ions  i n  X r , 2  lXr, 3 
f i g u r e  5, c m  

a x i a l  coordinate  used t o  def ine  s idewal l  geometry i n  f i g u r e  5, c m  

a x i a l  coordinate  used t o  def ine  wedge r ad ius  i n  f i g u r e  5, c m  

X a x i a l  wedge coordinate  a t  nozzle t h r o a t  (see f i g .  5 )  I c m  

S, 1 

%, r 

X 

w, t 

a x i a l  coord ina tes  used t o  def ine  wedge geometry i n  % , O r % , l  1%,21%,3 
f i g u r e  5, c m  

Y v e r t i c a l  d i s t ance  f r o m  model cen te r  l i n e ,  p o s i t i v e  up, used i n  coordinate  
system of f i g u r e s  5 and 6,  c m  

y ' ( x ' )  v e r t i c a l  d i s t ance  f r o m  m o d e l  c en te r  l i n e ,  p o s i t i v e  up, used i n  coordinate  
system of f i g u r e s  2 and 3,  c m  

v e r t i c a l  coordinate  of ex te rna l  f l a p  edge a t  nozzle e x i t  (see f i g .  5 ) ,  c m  yb 

v e r t i c a l  coordinate  of i n t e r n a l  f l a p  edge a t  nozzle e x i t  ( s ee  f i g .  5 ) ,  c m  Y e  

v e r t i c a l  f l a p  coordinate  a t  nozzle t h r o a t  (see f i g .  51, c m  

v e r t i c a l  coord ina tes  used t o  def ine  f l a p  geometry i n  f i g u r e  5, c m  

Y f , t  

Yn 

v e r t i c a l  coord ina tes  used t o  def ine  f l a p  r a d i u s  l o c a t i o n s  i n  Y r , l  1YrI21Yr,3 
f i g u r e  5, c m  

v e r t i c a l  coordinate  of s idewall  ex te rna l  edge a t  end of nozzle (see Y S  
f i g .  5 ) ,  cm 

v e r t i c a l  wedge coordinate  a t  nozzle e x i t  (see f i g .  5 ) ,  c m  

v e r t i c a l  coordinate  used t o  def ine  wedge r ad ius  i n  f i g u r e  5, c m  

v e r t i c a l  wedge coordinate  a t  nozzle t h r o a t  (see f i g .  51, c m  

Y w , e  

Y w , r  

Y w , t  

YW,l~YW,2 v e r t i c a l  coord ina tes  used to  def ine  wedge geometry i n  f i g u r e  5, c m  

z la teral  d is tance  f r o m  model cen te r  l i n e ,  p o s i t i v e  t o  r i g h t  looking upstream, 
used i n  coordinate  system of f i g u r e s  5 and 6, c m  

~ ' ( x ' )  la teral  d is tance  from model cen te r  l i n e ,  p o s i t i v e  t o  r i g h t  looking upstream, 
used i n  coordinate  system of f i g u r e s  2 and 3, c m  

la teral  coordinate  of ex te rna l  s idewall  edge a t  nozzle e x i t  (see f i g .  5 ) ,  c m  

la teral  coordinate  used t o  def ine  a r ad ius  t o  the  s idewal l  i n  f i g u r e  5, c m  

S,b z 

S I  r z 
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lateral  coordinates  used t o  def ine  s idewall  geometry i n  Z S , O ~ Z S # l  * z s , 2  
f i g u r e  5, c m  

a nozzle i n t e r n a l  f l a p  angle,  deg 

B nozzle b o a t t a i l  angle  measured i n  x-y plane i n  f i g u r e  5 ,  deg 

nozzle b o a t t a i l  angle  measured i n  x-z plane i n  f i g u r e  5, deg 
@S 

Aa r o t a t i o n  angle  t o  increase  nozzle expansion r a t i o  (see f i g .  51, deg 

Y r a t io  of s p e c i f i c  hea ts ,  1.3997 f o r  a i r  

~ ( x '  1 exponent of supe re l l i p se  equation used i n  f i g u r e s  2 and 3 

e angle  used t o  compute va lues  of y ' (x ' 1  and z ' ( x ' 1  from supe re l l i p se  
geometry given i n  f i g u r e s  2 and 3 ,  deg 

APPARATUS AND METHODS 

Wind Tunnel 

The experimental i nves t iga t ion  was conducted i n  the  Langley 16-Foot Transonic 
Tunnel ( r e f .  1 2 ) .  This  f a c i l i t y  i s  a s ingle-return,  continuous-flow, atmospheric 
wind tunnel.  The tunnel  tes t  sec t ion  i s  octagonal with e i g h t  longi tudina l  slots. 
The w a l l  divergence i n  the  tes t  sec t ion  i s  adjus ted  a s  a func t ion  of t he  airstream 
dew p o i n t  and Mach number; thus,  any longi tudina l  s t a t i c -p res su re  grad ien ts  i n  the  
t e s t  sec t ion  are negl ig ib le .  The t e s t - sec t ion  Mach number i s  continuously va r i ab le  
t o  a maximum of 1 .30 .  The average Reynolds number p e r  m e t e r  ranges from about 
4 . 5  X 10 a t  a free-stream Mach number of 0.20 t o  about 13.0 X IO6 a t  a free-stream 
Mach number of 1 .30 .  

6 

Model and Support System 

General arrangement.- The single-engine air-powered nace l l e  model of r e f e r -  
ence 13 w a s  used during t h i s  experiment. A d e t a i l e d  sketch of t he  single-engine 
nace l l e  propuls ion s imulat ion system, with a nonaxisymmetric wedge nozzle i n s t a l l e d ,  
i s  presented  i n  f i g u r e  1 .  A s  i l l u s t r a t e d  i n  t h e  f igu re ,  t he  model w a s  composed of 
f i v e  major sect ions:  a nose-forebody, a low-pressure plenum, an instrumentat ion 
sec t ion ,  a t r a n s i t i o n  sec t ion ,  and a wedge nozzle. The length  and model s t a t i o n  
loca t ion  of each model segment i s  given i n  the  fol lowing table: 

Model segment I -- 
Nose-f orebody 
Low-pressure plenum 
Instrumentat ion 
Trans i t i on  
Nozzle 

Length, c m  I Model s t a t i o n ,  c m  I 
67.31 
36.70 
18.93 
16.89 
27 .32  

0.00 t o  67 .31  
67 .31  to 104.01 

104.01 to  122.94 

139.83 to  167.15 
122.94 t o  139.83 

5 



The nose-forebody sec t ion  w a s  nonmetric, t h a t  is, w a s  no t  a t tached  t o  the  s t ra in-gage 
balance which w a s  used to  measure fo rces  and moments on the  model. All sec t ions  of 
t h e  model downstream of the  nose-forebody w e r e  a t tached  t o  the  balance and w e r e  
therefore  metric.  A low-fr ic t ion Du Pont Teflon seal w a s  i n s e r t e d  i n  a s lo t  a t  t h e  
m e t r i c  break between the  nose-forebody and the  low-pressure plenum. The Teflon seal 
e l imina tes  cross flow through the nonmetric-metric i n t e r f a c e  and s t a b i l i z e s  the  va r i -  
a t i o n  i n  cav i ty  pressure  without  t r ansmi t t i ng  a x i a l  f o r c e  across the  in t e r f ace .  

Model support  system.- The single-engine nace l l e  model w a s  supported i n  t h e  
tunnel  by a s t i n g - s t r u t  support  system. P a r t  of t he  support  system i s  shown i n  f i g -  
ure  1. The nose-forebody of the  model w a s  a t tached  to  the  top of the  s t r u t .  The 
cen te r  l i n e  of the  model was a l igned  wi th  the  t e s t - sec t ion  c e n t e r  l i n e ,  and the  cen- 
ter l i n e  of the s t i n g  was 55.88 cm below the  t e s t - sec t ion  cen te r  l i n e .  The c r o s s  
sec t ion  of the  s t i n g  w a s  5.08 by 10.16 cm; the  top and bottom of the  s t i n g  w e r e  
capped by half-cyl inders  of 2.54-cm radius .  
a 50.8-cm chord i n  the  streamwise d i r e c t i o n  and with the  lead ing  and t r a i l i n g  edges 
swept 45O. The m o d e l  blockage w a s  0.14 percent  of the  t e s t - sec t ion  c ros s  sec t ion ;  
t he  maximum-blockage c r o s s  sec t ion  of the  model and support  system w a s  0.19 percent .  

The strut blade w a s  5 percent  t h i ck  wi th  

I n t e r n a l  a i r  supply.- The exhaust j e t  flow w a s  simulated by a i r f low from a high- 
p re s su re  a i r  system ex te rna l  t o  the  model. A continuous flow of clean, dry, high- 
pressure  a i r  a t  a s tagnat ion  temperature of about 300 K en tered  the  high-pressure 
plenum i n  the  nose-forebody through s i x  supply l i n e s  i n  the  support  strut. The sup- 
p ly  l i n e s  and f l o w  d i r e c t i o n s  are shown i n  f i g u r e  1. F r o m  the  high-pressure plenum, 
the  pressur ized  a i r  w a s  discharged perpendicular  t o  the  model a x i s  i n t o  the  low- 
pressure plenum through e i g h t  sonic  nozzles. The sonic  nozzles  w e r e  equal ly  spaced 
around the  high-pressure plenum supply pipe. The dece lera ted  a i r f low i n  the  low- 
p ressure  plenum w a s  d i f fused  over the balance housing and s t ra ightened  by a 
79-percent open-area b a f f l e  plate.  The a i r f low passed i n t o  the  instrumentat ion sec- 
t i o n  of the  model, where s tagnat ion  temperature and pressure  w e r e  measured, and then 
en tered  the  t r a n s i t i o n  sec t ion  of t he  model. I n  t h e  t r a n s i t i o n  sect ion,  the  i n t e r n a l  
cross-sect ional  geometry changed f r o m  c i r c u l a r  t o  rec tangular  to  provide compatible 
i n t e r n a l  geometry a t  the  nonaxisymmetric nozzle connect s t a t ion .  A sketch of the  
cross-sect ional  geometry a t  the  beginning and end of the t r a n s i t i o n  sec t ion  i s  shown 
i n  f i g u r e  1. D e t a i l s  of the  i n t e r n a l  t r a n s i t i o n  geometry are discussed later.  From 
the t r a n s i t i o n  sec t ion ,  the  airflow was exhausted through the  nonaxisymmetric nozzle. 

Force-balance a i r  system.- As the  a i r f low passed from t h e  high-pressure plenum 
to the low-pressure plenum through the  e i g h t  sonic  nozzles,  it w a s  discharged radi-  
a l l y  t o  the  model ax is .  Since the  sonic  nozzles  w e r e  equal ly  spaced i n  a r a d i a l  
d i r ec t ion ,  an opposing nozzle force w a s  pos i t ioned  to  cancel  each force  due t o  j e t  
impingement. This  arrangement minimizes any f o r c e s  r e s u l t i n g  from the  t r a n s f e r  of 
a x i a l  momentum as the  a i r  passes from the  nonmetric t o  the  m e t r i c  par t  of the model. 
TWO f l e x i b l e  m e t a l  bel lcws w e r e  used to  seal the  low-pressure plenum and compensate 
for  any a x i a l  fo rces  r e s u l t i n g  from model p ressur iza t ion .  

Nose-f orebody ex te rna l  geometry.- The nose-forebody sec t ion  of the  model allowed 
a s m o z  ex te rna l  t r a n s i t i o n  from a c i r c u l a r  c ros s  sec t ion  a t  the  conica l  nose to  a 
rec tangular  cross sec t ion  with l a r g e  rounded corners  a t  the  beginning of the  low- 
p ressure  plenum. 
the  m e t r i c  break. The c ross -sec t iona l  area and the  ex te rna l  geometry remained con- 
s t a n t  from the  m e t r i c  break t o  the nozzle connect s t a t i o n .  

The maximum ex te rna l  c ross -sec t iona l  area of 265.61 cm2 occurred a t  



1 

The e x t e r n a l  geometry of t he  nose-forebody sec t ion  i s  presented i n  f i g u r e  2. I n  
f i g u r e  2 ( a ) ,  a computer-generated sketch i l l u s t r a t e s  the  bas i c  nose-forebody geome- 
t ry .  The ex te rna l  geometry i s  given a s  a supe re l l i p se  equation def ined a t  p a r t i c u l a r  
hor izonta l  s t a t i o n s  along the  model. Appropriate d e f i n i t i o n s  of the  components of 
t h e  supe re l l i p se  equation a r e  given as  func t ions  of t he  hor izonta l  va r i ab le  x ' .  A 
t a b l e  of the  func t ion  values  a t  p a r t i c u l a r  values  of x' i s  also included. Fig- 
u r e  2 (b )  de f ines  the  general  cross-sect ional  geometry of t he  nose-forebody sec t ion  
and g ives  the  r e l a t ionsh ips  f o r  c a l c u l a t i n g  the  c ross -sec t iona l  hor izonta l  compo- 
nent  z ' ( x ' )  and the  v e r t i c a l  component y ' ( x ' ) .  

T rans i t i on  geometry.- The model low-pressure plenum i n t e r n a l  geometry and t h e  
end of t h e  constant-geometry instrumentat ion sec t ion  had a c i r c u l a r  c r o s s  sect ion.  
The nonaxisymmetric wedge nozzles  used i n  t h i s  i nves t iga t ion  had a rec tangular  i n t e r  
n a l  cross-sect ional  geometry a t  t h e  nozzle connect s t a t ion .  A t r a n s i t i o n  sec t ion  w a s  
required t o  provide the  changes i n  i n t e r n a l  geometry which w e r e  necessary f o r  match- 
i n g  t h e  wedge nozzles  wi th  t h e  propuls ion s imulat ion system. The t r a n s i t i o n  sec t ion  
of the  model provided modif icat ions t o  the  i n t e r n a l  geometry which w e r e  similar t o  
t h e  modif icat ions i n  ex te rna l  geometry provided by the  nose-f orebody sect ion.  The 
i n t e r n a l  geometry of the  t r a n s i t i o n  sec t ion  changed smoothly from a c i r c u l a r  c r o s s  
sec t ion  a t  t h e  beginning of t r a n s i t i o n  t o  a rec tangular  c r o s s  sec t ion  a t  t h e  end of 
t r a n s i t i o n .  The i n t e r n a l  cross-sect ional  area remained cons tan t  throughout the  t ran-  
s i t i o n  sect ion.  

The i n t e r n a l  geometry of the  t r a n s i t i o n  sec t ion  i s  presented i n  f i g u r e  3. A 
supe re l l i p se  equation i s  used t o  def ine  the  c ross -sec t iona l  geometry up t o  model 
s t a t i o n  134.29. From s t a t i o n  134.29 t o  the  end of t he  t r a n s i t i o n  sec t ion ,  t he  i n t e r -  
n a l  c r o s s  sec t ion  i s  rectangular ,  and the  equat ions f o r  c a l c u l a t i n g  y ' ( x ' )  and 
z ' ( x ' )  are given. I n  add i t ion  t o  these  equations,  t he  func t ions  which def ine  t h e  
i n t e r n a l  geometry f o r  t he  f u l l  l ength  of the  t r a n s i t i o n  sec t ion  are tabula ted  i n  
f i g u r e  3. 

Nozzle geometry.- Two nonaxisymmetric wedge nozzle conf igura t ions  represent ing  
two d i f f e r e n t  power s e t t i n g s  w e r e  t e s t e d  during t h i s  inves t iga t ion .  
designs w e r e  based on e a r l i e r  wedge nozzles  descr ibed i n  re ferences  11 and 13. The 
base l ine  conf igura t ion  had an expansion r a t i o  of 1.06 and i s  r e fe r r ed  t o  as the  l o w -  
expansion-rat io  nozzle. The o the r  conf igura t ion  had an expansion r a t i o  of 1.20 and 
i s  r e f e r r e d  t o  as the  high-expansion-ratio nozzle. 
shown i n  f i g u r e  4. 

The nozzle 

A photograph of each nozzle i s  

Each nozzle w a s  made up of f i v e  components: two sidewalls ,  an upper and a lcwer 
f l a p ,  and a wedge centerbody. Both nozzles  used the  s a m e  wedge and the  s a m e  side- 
w a l l s .  
each nozzle. 
f i g u r e  5. I n  t h i s  report, t h e  downstream end of t he  nozzle upper and lower f l a p s  is 
r e fe r r ed  t o  as the  nozzle e x i t .  (See f i g .  1.) The e x i t  f o r  the  low-expansion-ratio 
nozzle occurs  a t  
occurs  a t  

The f l a p s  w e r e  d i f f e r e n t ,  r e s u l t i n g  i n  t h e  d i f f e r e n t  expansion ra t ios  f o r  
Sketches and geometry d e t a i l s  of each nozzle component are given i n  

xe = 15.7820 cm; t he  e x i t  f o r  t h e  high-expansion-ratio nozzle 
xe = 16.0247 cm. 

The geometry f o r  t h e  high-expansion-ratio nozzle w a s  constructed from the  geome- 
t r y  f o r  the  low-expansion-ratio nozzle by r o t a t i n g  the  f l a p s  away from the  nozzle 
i n t e r n a l  c e n t e r  l i n e  i n  t h e  x-y plane. (See f ig .  5 ( b ) .  ) The cen te r  of r o t a t i o n  w a s  
a t  p o i n t  ( x ~ , ~ , Y , , ~ ) .  Rotat ing t h e  f l a p s  i n  t h i s  way increased the  t h r o a t  area, t h e  
e x i t  area, and t h e  expansion ratio. Since t h e  nozzle s idewall  geometry w a s  held 
cons tan t  during t h i s  test, a tr iangular-shaped gap w a s  opened between the ou t s ide  
edge of t h e  t r a i l i n g  edge of t he  f l ap  t o  t h e  p o i n t  (x3,y3),  which i s  upstream of t h e  
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nozzle th roa t .  The r e s u l t i n g  nozzle geometry i s  similar t o  the  cutaway or vented 
s idewall  concept discussed i n  re ference  14. The e f f e c t s  of vent ing  the  nozzle 
upstream of the  t h r o a t  are discussed la ter  i n  t h i s  report. 

I 
Tt, j ,  K 

Instrumentat ion 

B a s i c  model instrumentat ion i s  shown i n  t h e  sketch of f i g u r e  1. A f ive-  
component strain-gage balance w a s  used t o  measure the  f o r c e s  and moments on the  model 
downstream of t h e  m e t r i c  break ( s t a t i o n  67.31). A rake  of 12 to ta l -pressure  probes 
w a s  used to  measure the  j e t  t o t a l  pressure  a t  a f i x e d  loca t ion  i n  the  instrumentat ion 
sec t ion  of t h e  model. An iron-constantan thermocouple w a s  used t o  measure t h e  j e t  
t o t a l  temperature i n  the  instrumentat ion sect ion.  

Each nozzle conf igura t ion  w a s  instrumented wi th  14 rows of s ta t ic -pressure  o r i -  
f i c e s  which are shown i n  f i g u r e  6. Rows 1 t o  3 w e r e  loca ted  on the  i n t e r n a l  side of 
t h e  top  f l ap ;  rows 4 and 5 w e r e  loca ted  on t h e  ou t s ide  of t h e  top f l ap ;  rows 6 t o  8 
w e r e  located on the  outs ide  of the  r i g h t  s i d e w a l l ;  row 9 w a s  on the  i n s i d e  of t h e  
l e f t  s idewall ;  rows 10 t o  14 w e r e  a long the  top of t he  wedge. Tables  which def ine  
the  exac t  coordinates  of each o r i f i c e  are also given i n  f i g u r e  6. 

Tests 

The experimental i nves t iga t ion  w a s  conducted i n  the  Langley l6-~oot Transonic 
Tunnel a t  wind-off condi t ions  and a t  free-stream Mach numbers from 0.60 t o  1.20, The 
model angle  of a t t a c k  w a s  held cons tan t  a t  O o  throughout t he  inves t iga t ion .  The 
nozzle p re s su re  r a t io  w a s  va r i ed  from je t -of f  t o  a maximum which depended on Mach 
number, configurat ion,  and model-faci l i ty  a i r f low limits. The bas i c  da t a  w e r e  taken 
by holding the  Mach number f i x e d  and varying t h e  nozzle p re s su re  ratio.  
number per meter, t he  average tunnel  t o t a l  temperature, t he  average tunnel  t o t a l  
p ressure ,  and t h e  average j e t  t o t a l  temperature a t  each Mach number are given i n  t h e  
fol lowing tab le :  

The Reynolds 

.94 
1.20 

T t r  K 

316.97 
325.44 
328.80 
328.51 
339.03 

Pt '  ma 

101.28 
101.22 
101.22 
101.22 
101.04 

297.44 
296.96 
299.34 
300.34 
300.20 

NRe 

10.60 x lo6 
12.19 
12.67 
12.89 
12.92 

Boundary-layer t r a n s i t i o n  on the  model w a s  f i x e d  by us ing  a g r i t  t r a n s i t i o n - s t r i p  
procedure ( r e f .  15). A 0.254-cm-wide s t r ip  of N o .  100 g r i t  w a s  a t tached  around t h e  
nose of t h e  model a t  2.54 c m  f r o m  t h e  nose t ip .  The same g r i t  s i z e  and loca t ion  w e r e  
used f o r  both nozzle configurat ions.  

D a t a  Reduction 

A l l  wind-tunnel parameters and model da ta  were recorded simultaneously on m a g -  
n e t i c  tape. 
nozzle performance parameters and nondimensionalized p res su re  c o e f f i c i e n t s  or  ratios.  

Averaged va lues  of the  da ta  measurements w e r e  used t o  compute basic 
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The b a s i c  measurement used i n  eva lua t ing  i s o l a t e d  nozzle performance i s  t h r u s t  
minus nozzle drag measured along the  body a x i s  of the  model. This  parameter w a s  
der ived from t h e  balance axial-f  orce measurements us ing  t h e  f ollowing re la t ionship :  

The term Fbal inc ludes  a l l  i n t e r n a l  and ex te rna l  f o r c e s  on t h e  balance. The second 
term (Pes - p,)(A,,, - Aseal) r epresents  pressure  f o r c e  due t o  the  forward seal a t  t he  
m e t r i c  break ( s t a t i o n  6 7 . 3 1 ) .  The t h i r d  term (pi - p,)A 
p res su re  forces .  The term Df i s  the  ca l cu la t ed  ex te rna l  sk in  f r i c t i o n  on the  con- 
s t a n t  cross-sect ion par t  of t he  model from the  m e t r i c  break t o  the  s tar t  of the  noz- 
z l e  ( s t a t i o n  1 3 9 . 8 3 ) .  
t i o n  of t he  average bellows i n t e r n a l  pressure  wi th  the  model j e t  operating. 
t h e  bellows w e r e  designed t o  minimize momentum and p res su r i za t ion  tares, ma11 bel- 
l o w s  tares s t i l l  e x i s t  when the  j e t  i s  operating. These tares r e s u l t  from s m a l l  
d i f f e rences  i n  the  upstream and downstream bellows spr ing  cons tan ts  when the  bellows 
are pressur ized  and a l s o  from s m a l l  p ressure  d i f f e rences  between the  ends of t he  
bellows when i n t e r n a l  flow v e l o c i t i e s  are high. 

r ep resen t s  i n t e r i o r  sea 1 

The term FA mom i s  a momentum tare co r rec t ion  and i s  a func- 
Although 

Procedures f o r  c a l i b r a t i n g  and co r rec t ing  these  bellaws tares are discussed i n  
d e t a i l  i n  re ferences  11 and 16 .  To s imulate  r e a l i s t i c  t es t  condi t ions,  a series of 
axisymmetric c a l i b r a t i o n  nozzles  with known performance w e r e  t e s t e d  over the  expected 
t e s t  range of normal-f orce and pitching-moment loadings.  The c a l i b r a t i o n  tests w e r e  
performed wind-off, with and without ex te rna l  loadings on the  model, and with and 
without  j e t  exhaust  flow. The r e s u l t i n g  co r rec t ions  w e r e  then appl ied  t o  t h e  balance 
da ta  by a procedure s i m i l a r  t o  the  main balance data-reduction algori thm of 
re ference  16 .  

RESULTS AND DISCUSSION 

Basic Data 

Basic  da t a  f o r  eva lua t ing  the  i s o l a t e d  performance of t he  two wedge nozzles  a r e  
presented i n  f i g u r e s  7 to  10. The i d e a l  t h r u s t  c o e f f i c i e n t  CF,i presented i n  f i g -  
u r e  10 can be combined wi th  t h e  normalized t h r u s t  da t a  i n  f i g u r e s  7 and 9 t o  obta in  
the  measured t h r u s t  and thrust-minus-drag l eve l s .  

The s t a t i c - fo rce  da t a  i n  f i g u r e  7 show t rends  s i m i l a r  t o  those of s t a t i c - f o r c e  
da t a  presented i n  re ference  11 f o r  two wedge nozzles  with expansion r a t i o s  i d e n t i c a l  
t o  those of t he  c u r r e n t  test. The wind-on thrust-minus-nozzle drag r a t i o s  i n  f ig-  
ure  9 show t rends  and l e v e l s  s i m i l a r  t o  ear l ier  thrust-minus-nozzle drag da ta  pre- 
sen ted  i n  re ference  1 1 f o r  wedge nozzle configurat ions.  I n  general ,  th rus t -minus  
nozzle drag r a t io  decreases  as the  free-stream Mach number increases .  The decrease 
i n  
on the  ex te rna l  sur face  wi th  inc reas ing  Mach number. I n  addi t ion ,  a t  a cons tan t  
nozzle p re s su re  r a t i o ,  t he  nozzle drag term Dn of (F  - D11)/F4 becomes a higher  
percentage of i d e a l  t h r u s t  as Mach number increases ,  r e s u l t i n g  i n  a decrease i n  the  
thrust-minusnozzle  drag  ratio. 

(F - Dn)/Fi wi th  inc reas ing  Mach number r e s u l t s  from an  inc rease  i n  nozzle drag  

The da ta  i n  f i g u r e  7 i n d i c a t e  t h a t  t h e  th rus t - r a t io  da ta  of the  high-expansion- 
r a t io  nozzle f a l l  below the  t h r u s t - r a t i o  da ta  of the  low-expansion-ratio nozzle over 
t h e  range of nozzle p re s su re  ra t ios  t e s t e d  a t  s ta t ic  condi t ions  (M, = 0 ) .  Simi lar  
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r e s u l t s  are shown by da ta  i n  re ferences  11, 13, and 14 f o r  s eve ra l  nonaxisymmetric 
nozzle conf igura t ions  a t  s ta t ic  condi t ions.  This  decrease i n  t h r u s t  r a t io  with 
increased.  expansion r a t i o  i n d i c a t e s  t h a t  a performance loss may r e s u l t  from the  
changes i n  nozzle geometry. I n  t h i s  i nves t iga t ion ,  a d d i t i o n a l  performance losses for  
t h e  high-expansion-ratio conf igura t ion  may be due t o  the  ven t  or gap between the  
nozzle f l a p  and s idewall  which extends upstream of the  nozzle th roa t .  

The s ta t ic -d ischarge-coef f ic ien t  (w /wi) da t a  presented  i n  f i g u r e  7 show l e v e l s  
which are s i m i l a r  t o  d i scharge-coef f ic ien t  l e v e l s  f o r  s eve ra l  wedge-type nozzles i n  
re ference  14. I n  general ,  the  value of discharge c o e f f i c i e n t  i s  g r e a t e r  than one a t  
unchoked flow condi t ions  (ptcj/p, < 1.89) and less than one a t  choked flow condi t ions  
(pt, /p, > 1.89). However, I n  figure 8 t h e  wind-on d ischarge-coef f ic ien t  l e v e l s  f o r  
t h e  low-expansion-ratio nozzle are higher  than discharge-coeff i c i e n t  l e v e l s  presented  
i n  reference 13 f o r  a similar wedge nozzle. A t  wind-on condi t ions ,  both configura- 
t i o n s  i n  t h i s  i nves t iga t ion  had va lues  of discharge c o e f f i c i e n t  which w e r e  g r e a t e r  
than one a t  choked flow condi t ions.  Reference 14 discusses  the  phenomenon of high- 
d ischarge-coef f ic ien t  da t a  ( w  /wi > 1.0) a t  choked flow condi t ions  f o r  wedge nozzle 
configurat ions.  I t  i s  extremely d i f f i c u l t  t o  determine the  a c t u a l  t h r o a t  area of 
nonaxisymmetric wedge- type nozzles. The numerator of discharge c o e f f i c i e n t ,  t he  
w p - t e r m ,  i s  computed s t r i c t l y  from da ta  measurements; i t s  value r e f l e c t s  the  a c t u a l  
f low-field condi t ions  and nozzle t h r o a t  area.  The denominator of discharge coef- 
f i c i e n t ,  the  w i - t e r m ,  i s  computed us ing  a f ixed  value of t h r o a t  area, the  nozzle 
t h r o a t  area a s  designed and, therefore ,  may include s o m e  error t h a t  v a r i e s  with flow 
condi t ions.  This  e r r o r  i n  t h r o a t  a rea  can r e s u l t  i n  va lues  of discharge c o e f f i c i e n t  
g r e a t e r  than 1, as  reference 14 shows f o r  severa l  wedge nozzle configurat ions.  Thus, 
the  high magnitude of t he  wedge nozzle discharge c o e f f i c i e n t s  presented i n  f i g u r e s  7 
and 8 apparent ly  r e s u l t s  from unrecorded v a r i a t i o n s  i n  nozzle t h r o a t  area correspond- 
i n g  to  changes i n  the  i n t e r n a l  flow f i e l d  with varying nozzle pressure  r a t io  and 
f ree-  stream Mach number. 

P 

P 

S t a  t i e p r e s s u r e  Data 

Extensive s t a t i c -p res su re  measurements w e r e  made on both nozzle configurat ions.  
Se lec ted  cases  of pressure  d i s t r i b u t i o n s  a r e  presented  i n  f i g u r e s  1 1  t o  28. C o m p l e t e  
l i s t i n g s  of a l l  s t a t i c -p res su re  da ta  are given i n  t a b l e s  1 t o  14 f o r  the  l o w -  
expansion-ratio nozzle and i n  t a b l e s  15 t o  28 f o r  t h e  high-expansion-ratio nozzle. 
A l l  data are presented as  func t ions  of x/d, where x i s  the  d is tance  from the  s t a r t  
of t he  nozzle b o a t t a i l  ( s t a t i o n  141.73) and d i s  the  maximum nozzle height.  (See 
f i g .  5(a). 1 I n t e r n a l  s ta t ic -pressure  data are presented a s  va lues  of p/pt, j, t h e  
measured l o c a l  s ta t ic  pressure  nondimensionalized by the  measured j e t  t o t a l  pressure.  
S t a t i c  p re s su res  measured along the  wedge sur face  are a lso presented as the  r a t i o s  
p/pt j. 

cP' coe f# ic i en t  
External  s t a t i c -p res su re  da ta  are presented  a s  va lues  of pressure  

Comparisons of s t a t i c -p res su re  d i s t r i b u t i o n s  are made a t  d i f f e r e n t  spanwise 
loca t ions  t o  determine two-dimensiona 1 or three-dimensional charac t e r i  s ti c s i n  t he  
nozzle flow f i e l d .  I n  f i g u r e  11, pressures  from the  f i v e  rows of s t a t i c -p res su re  
o r i f i c e s  on the  sur face  of the  wedge are p l o t t e d  a g a i n s t  x/d f o r  the  low-expansion- 
r a t i o  nozzle. Three va lues  of nozzle pressure  r a t io  ptlj/p, are presented f o r  a 
Mach number of 0.60 and f o r  a Mach number of 1.20. I n  each case of f i g u r e  Il(a), a t  
M, = 0.60, the  s ta t ic  pressures upstream of the  nozzle e x i t ,  def ined as the  end of 
t he  nozzle f l a p  i n  f i g u r e  1, show l i t t l e  v a r i a t i o n  wi th  spanwise locat ion.  This  lack 
of v a r i a t i o n  i n d i c a t e s  t h a t  t he  i n t e r n a l  flow f i e l d  near the  wedge sur face  i s  two- 
dimensional. A t  pt, j/pm = 2.0 and Mm = 0.60, t h e r e  i s  a sharp inc rease  i n  s ta t ic  
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pres su re  a t  t h e  nozzle e x i t .  Downstream of the  e x i t ,  t he  s t a t i c  pressure  becomes 
near ly  constant .  
b ly  due t o  a s t rong  shock wave occurr ing on the  sur face  of t he  wedge i n  the  nozzle 
exhaust flow. 
i n d i c a t e  t h a t  t he  exhaust  flow on the  wedge i s  separated downstream of the  shock 
wave. 
s t a t i c -p res su re  d i s t r i b u t i o n s  presented i n  re ference  6 f o r  a wedge-type nozzle wi th  a 
low expansion ra t io  (Ae/At = 1.05). 
p resented  i n  f i g u r e  l l ( a ) ,  t he  shock wave moves downstream and becomes weaker i n  
s t rength .  The static-pressure d i s t r i b u t i o n s  i n  the  separated flow region downstream 
of t h e  shock show m o r e  spanwise v a r i a t i o n  f o r  t hese  two nozzle p re s su re  r a t i o s .  

The sharp increase  i n  wedge s t a t i c  pressure  near the  e x i t  i s  proba- 

The near-constant s ta t ic  p res su res  downstream of the  pressure  increase  

Similar  f low-field c h a r a c t e r i s t i c s  w e r e  also observed f o r  wind-off wedge 

A t  the  higher  values  of nozzle pressure  r a t io  

The th ree  cases of s ta t ic -pressure  d i s t r i b u t i o n s  a t  M, = 1.20 i n  f i g u r e  l l ( b )  
show b a s i c a l l y  the  same f low-field c h a r a c t e r i s t i c s  as  observed a t  
U p s t r e a m  of the  nozzle e x i t ,  the  s ta t ic  p res su res  show no v a r i a t i o n  wi th  spanwise 
loca t ion  and, i n  f a c t ,  show no e f f e c t  of i nc reas ing  the  free-stream Mach number. 
(Compare f i g .  l l ( a )  with f i g .  l l ( b l . 1  ~n i nc rease  i n  the  wedge s ta t ic  p res su res  
occurs  downstream of the  nozzle e x i t  (x/d = 1.001, which may i n d i c a t e  t h a t  a shock 
occurs  on t h e  wedge surface.  The p o i n t  of increase  i n  s ta t ic  pressure,  t h a t  is, the  
shock loca t ion ,  moves downstream as the  nozzle pressure  r a t i o  increases .  
f l o w  separa t ion  from the  wedge sur face  occurs  downstream of the  shock. 
s t a t i c -p res su re  d i s t r i b u t i o n s  show s o m e  spanwise v a r i a t i o n  i n  the  separated flow 
region. 
l oca t ion  of the  shock wave and subsequent flow separat ion.  

M, = 0.60. 

J e t  exhaust  
The wedge 

The change i n  free-stream Mach number from 0.60 to  1.20 mainly a f f e c t s  t he  

I n  summary, the  s t a t i c -p res su re  d i s t r i b u t i o n s  of f i g u r e  11 show t h a t  t he  flow 
along the  sur face  of the  wedge of the  low-expansion-ratio nozzle i s  two-dimensional 
upstream of the  nozzle e x i t .  A shock occurs  on the  wedge sur face  downstream of the  
nozzle e x i t ,  followed by flow separa t ion  from t h e  surface of the  wedge. The loca t ion  
of t he  shock and subsequent flow separa t ion  depends pr imar i ly  on the  nozzle p re s su re  
r a t i o  and, t o  a lesser ex ten t ,  on the  free-stream Mach number. Similar  charac te r i s -  
t i cs  of s t a t i c -p res su re  d i s t r i b u t i o n s  along a wedge sur face  are presented i n  refer- 
ence 6 a t  wind-off condi t ions,  with values  of nozzle pressure  r a t i o  up t o  6.00.  The 
da ta  of re ference  6 a l s o  include oil-flow photographs of the  wedge sur face  downstream 
of the  nozzle e x i t .  These photographs c l e a r l y  show the  downstream movement of t he  
j e t  exhaust shock on the  wedge and subsequent flow separa t ion  with increas ing  nozzle 
pressure  ratio. 

Figure 12 p resen t s  wedge s t a t i c p r e s s u r e  d i s t r i b u t i o n s  f o r  t h e  high-expansion- 
ra t io  nozzle. Three cases of nozzle pressure  ra t io  are presented €or M, = 0.60 i n  
f i g u r e  12 (a )  and f o r  M, = 1.20 i n  f i g u r e  12 (b ) .  The same t rends  observed f o r  t h e  
low-expansion-ratio nozzle a lso occur i n  these  p re s su re  d i s t r ibu t ions .  A shock 
occurs  downstream of the  nozzle e x i t  (x/d = 1.02) followed by flaw separa t ion  from 
t h e  wedge surface.  The s t a t i c  p res su res  downstream of the  shock show v a r i a t i o n  wi th  
spanwise loca t ion .  However, f o r  t h i s  nozzle, spanwise v a r i a t i o n  i n  the  static- 
p re s su re  da t a  occurs as  f a r  upstream of the  nozzle e x i t  a s  x/d = 0.90. These three- 
dimensional e f f e c t s  upstream of the  nozzle e x i t  may r e s u l t  from the  higher  expansion 
r a t i o  (Ae/At = 1.20) of t h i s  configuration. The ven t  i n  the  sidewall ,  which extends 
upstream of the nozzle th roa t ,  may also con t r ibu te  three-dimensional e f f e c t s  to  the  
nozzle i n t e r n a l  flow. 

S ta t i c -p res su re  d i s t r i b u t i o n s  along t h e  i n t e r n a l  sur face  of the  top f l a p  are 
presented  i n  f i g u r e  13 f o r  the  low-expansion-ratio nozzle and i n  f i g u r e  14 f o r  t he  
high-expansion-ratio nozzle. 
M, = 0.60 and a t  M, = 1.20. The lack of spanwise v a r i a t i o n  i n  the  pressure dis-  

TWO va lues  of nozzle pressure r a t io  are shown a t  
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t r i b u t i o n s  shown i n  f i g u r e  13 i n d i c a t e s  t h a t  t h e  i n t e r n a l  flow i s  two-dimensional f o r  
the  low-expansion-ratio nozzle. However, t he  i n t e r n a l  p re s su res  f o r  t he  high- 
expansion-rat io  nozzle ( f i g .  14) show spanwise va r i a t ion ,  p a r t i c u l a r l y  a t  t h e  f l a p  
edge near  the  sidewall .  The v a r i a t i o n  i s  m o r e  pronounced f o r  pt, j/p, = 5.06 a t  

a ma11 e f f e c t  on the  spanwise var ia t ion .  The t h r o a t  of t he  high-expansion-ratio 
nozzle is, by design, located a t  x/d = 0.82, whereas the  three-dimensional e f f e c t  
can be seen as  f a r  forward a s  x/d = 0.76. This  spanwise v a r i a t i o n  i n  s ta t ic  pres- 
sure  near the  edge of t he  f l a p  i s  probably caused by the  gap or ven t  between the  f l a p  
and s idewal l  f o r  t he  high-expansion-ratio nozzle. This  ven t  probably caused t h e  
s i m i l a r  three-dimensional c h a r a c t e r i s t i c s  upstream of the  nozzle e x i t  (x/d = 1.02),  
which w e r e  observed i n  the  s ta t ic -pressure  d i s t r i b u t i o n s  along the  sur face  of t he  
wedge f o r  t h i s  configurat ion.  I n t e r n a l  s t a t i c -p res su re  d i s t r i b u t i o n s  on the  nozzle 
f l a p  presented i n  reference 14 f o r  similar nozzle conf igura t ions  without  vented side- 
w a l l s  showed no three-dimensional e f f e c t s .  Thus, t he  three-dimensional cha rac t e r i s -  
t i cs  of t he  i n t e r n a l  flaw of t he  high-expansion-ratio nozzle of t h i s  i n v e s t i g a t i o n  
may be a t t r i b u t e d  t o  the  vent  between the  f l a p  and s i d e w a l l .  The three-dimensional 
e f f e c t s  upstream of the  t h r o a t  of t he  high-expansion-ratio nozzle probably correspond 
to  the  extension of the  gap or vent  t o  a p o i n t  upstream of the  nozzle th roa t .  

= 0.60 and f o r  ptlj/p, = 7.99 a t  Ma = 1.20. Free-stream Mach number has  only M a  

Externa l  s ta t ic  p res su res  a long the  top of t he  f l a p  and along the  ou t s ide  of t h e  
r i g h t  s idewa l l  a r e  presented f o r  the  low-expansion-ratio nozzle i n  f i g u r e  15. 
same r e s u l t s  f o r  t h e  high-expansion-ratio nozzle are given i n  f i g u r e  16. ROW 8, t h e  
outs ide  corner row, i s  included with both the  top f l a p  da ta  (rows 4 and 5) and with 
t h e  s idewal l  data (raws 6 and 7). 

The 

The s t a t i c  pressures  a long rows 4 and 5 on the  top  f l a p  f o r  both nozzle config-  
u r a t i o n s  show only small spanwise v a r i a t i o n  i n  s ta t ic  pressure  a t  A t  
supersonic condi t ions,  Ma = 1.20, t he  high-expansion-ratio nozzle cont inues t h i s  
trend, whereas the  low-expansion-ratio nozzle shows spanwise v a r i a t i o n  i n  s t a t i c  
p res su res  on the  a f t  po r t ion  of the  nozzle (x/d 2 0 . 8 0 ) .  When compared with the  top 
f l a p  data ,  the  s t a t i c -p res su re  da t a  of row 8 show close spanwise agreement upstream 
of x/d = 0.10 f o r  both nozzle conf igura t ions  a t  a l l  tes t  condi t ions.  However, a s  
t h e  value of x/d increases ,  t he re  i s  considerable  v a r i a t i o n  between t h e  co rne r row 
s t a t i c  pressures  and the  top-f lap s ta t ic  pressures .  

Ma, = 0.60. 

I n  f i g u r e  15, t he  s idewall  ex te rna l  s t a t i c - p r e s s u r e  d i s t r i b u t i o n s  along rows 6 
and 7 f o r  the  low-expansion-ratio nozzle show spanwise v a r i a t i o n  downstream of 
x/d = 0.50 a t  a l l  t e s t  conditions.  
expansion-ratio nozzle show only s m a l l  spanwise v a r i a t i o n  a t  
same type of v a r i a t i o n  observed f o r  t he  low-expansion-ratio nozzle a t  
Comparisons of the  co rne r row s t a t i e p r e s s u r e  d i s t r i b u t i o n s  wi th  those of rows 6 and 
7 show the  s a m e  t rends  observed i n  the  comparisons of the corner  row with the  f l a p  
rows. The s ta t ic  p res su res  of rows 6, 7, and 8 genera l ly  agree upstream of 
x/d = 0.10 b u t  show considerable  spanwise v a r i a t i o n  downstream of t h i s  po in t .  

The s idewal l  s ta t ic  p res su res  f o r  t he  high- 
M, = 0.60 b u t  show t h e  

M m  = 1.20. 

I n  general ,  the  top-f lap and s idewall  s t a t i c -p res su re  da ta  i n d i c a t e  t h a t  t h e  
ex te rna l  flow starts out  near ly  two-dimensional near the  nozzle b o a t t a i l  s ince  the  
s ta t ic -pressure  da ta  show good spanwise agreement upstream of x/d = 0.10. A s  t he  
value of x/d increases ,  however, regions of three-dimensional flow occur i n  t h e  
e x t e r n a l  flow f i e l d .  The three-dimensional e f f e c t s  probably i n i t i a t e  from the  out- 
s i d e  corner  region. 
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Since t h e  spanwise v a r i a t i o n  i n  the  s t a t i c -p res su re  da t a  has  been discussed €or 
f i g u r e s  1 1  to  16 ,  t he  subsequent da ta  p lo ts  w i l l  dea l  only with center - l ine  pressure  
p r o f i l e s .  The e f f e c t  of nozzle pressure  r a t io  on the  wedge c e n t e r l i n e  static- 
p re s su re  d i s t r i b u t i o n  i s  presented i n  f i g u r e  17 f o r  the  low-expansion-ratio nozzle 
and i n  f i g u r e  1 8  f o r  t h e  high-expansion-ratio nozzle. I n  general ,  f o r  a l l  f i v e  
va lues  of free-stream Mach number, the  nozzle p re s su re  r a t io  a f f e c t s  the  loca t ion  of 
t h e  exhaust-flow shock and a t t endan t  flow separa t ion  on the  wedge surface.  A s  nozzle 
pressure  r a t io  increases ,  the  exhaust-flow shock loca t ion  and separa t ion  region move 
downstream from t h e  nozzle e x i t  (x/d = 1 . 0  f o r  t h e  low-expansion-ratio nozzle and 
x/d = 1 . 0 2  f o r  t he  high-expansion-ratio nozzle) .  A similar e f f e c t  of nozzle pres- 
s u r e  ra t io  on a wedge center - l ine  s ta t ic -pressure  d i s t r i b u t i o n  can be observed i n  t h e  
static-pressure da ta  p lo ts  and oil-flow photographs of reference 6. 

The e f f e c t  of free-stream Mach number on t h e  wedge c e n t e r l i n e  s ta t ic  p res su res  
i s  presented i n  f i g u r e s  1 9  and 2 0  f o r  two values  of nozzle pressure  ra t io ,  2 . 0 0  
and 6.00. Figure 1 9  shows the  Mach number e f f e c t s  on the  low-expansion-ratio nozzle, 
and f i g u r e  2 0  shows the  e f f e c t s  on the  high-expansion-ratio nozzle. Free-stream Mach 
number v a r i a t i o n  a f f e c t s  t he  s t a t i c -p res su re  d i s t r i b u t i o n s  only i n  the  separated flow 
regions on the  wedge which occur downstream of the  exhaust-flow shock wave. The 
e f f e c t  of Mach number i s  more ev ident  a t  t h e  lower nozzle pressure  r a t io  
(pt ./pa = 2 . 0 0 )  shown i n  f i g u r e s  1 9  and 2 0  s ince  flow separa t ion  i s  m o r e  ex tens ive  
a t  chis nozzle pressure  ratio. A t  a nozzle pressure  r a t i o  equal t o  2 . 0 0 ,  the  nozzle 
i s  opera t ing  overexpanded. The j e t  exhaust flow shocks down and separa tes  from the  
su r face  of the  wedge a t  o r  near  the  nozzle e x i t .  A t  the  higher  pressure  r a t i o  shown 
i n  f i g u r e s  1 9  and 2 0 ,  t he  flow remains a t tached  along most of the  wedge sur face  and 
t h e r e  i s  l i t t l e  v a r i a t i o n  with Mach number. 

F igure  21 p re sen t s  the  e f f e c t s  of free-stream Mach number on t h e  i n t e r n a l  f l a p  
cen te r - l i ne  s t a t i c  p re s su res  f o r  the  low-expansion-ratio nozzle. The corresponding 
da ta  f o r  t h e  high-expansion-ratio nozzle are presented  i n  f i g u r e  22.  Two nozzle 
pressure  ratios,  2 . 0 0  and 6.00,  are presented i n  each f igu re .  The i n t e r n a l  flow 
along t h e  f l a p  cen te r  l i n e  i s  two-dimensional, and the  pressure  d i s t r i b u t i o n s  indi-  
cate t h a t  t he re  i s  no e f f e c t  of Mach number on the  nozzle center - l ine  i n t e r n a l  flow. 

F igures  2 3  t o  28 examine t h e  e f f e c t s  of nozzle pressure  r a t i o  and free-stream 
Mach number on the  ex te rna l  flow along the  f l a p  cen te r  l i n e  and along the  s idewall  
c e n t e r  l i ne .  Figures  2 3  and 2 4  show the  e f f e c t s  of nozzle pressure  r a t i o  on e x t e r n a l  
s t a t i c -p res su re  d i s t r i b u t i o n s  a t  f i v e  free-stream Mach numbers f o r  t he  low-expansion- 
r a t i o  nozzle. Figures  2 5  and 2 6  show similar comparisons f o r  the-high-expansion- 
ra t io  nozzle. For both nozzle configurat ions,  t he  f l a p  s ta t ic  p res su res  genera l ly  
decrease wi th  i n i t i a l  i nc reases  i n  nozzle p re s su re  ratio; f u r t h e r  i nc reases  i n  nozzle 
p re s su re  ra t io  genera l ly  inc rease  the  f l a p  s ta t ic  pressures .  Although the  p re s su re  
d i s t r i b u t i o n s  along t h e  s idewal l  and upstream of the  nozzle e x i t  w e r e  no t  as sensi-  
t i v e  t o  varying nozzle pressure  ratio, they genera l ly  show the  s a m e  t rends  as  t h e  
f l a p  data.  Downstream of the  nozzle e x i t ,  t h e  s idewal l  static p res su res  general ly  
tend t o  decrease as the  nozzle pressure  r a t io  increases ,  p a r t i c u l a r l y  a t  subsonic 
Mach numbers. The high-expansion-ratio nozzle e x h i b i t s  m o r e  v a r i a t i o n  i n  s idewall  
s t a t i c -p res su re  d i s t r i b u t i o n s  with nozzle p re s su re  ra t io  than does the  low-expansion- 
r a t i o  nozzle. This  l a r g e r  v a r i a t i o n  i n  t h e  s ta t ic  p res su res  wi th  nozzle pressure 
rat io  i s  probably due t o  the  vented s idewall  geometry and to t he  higher  expansion 
r a t i o  and r e s u l t i n g  larger f l a p  angle  a .  (See f ig .  5 tb l . l  
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The e f f e c t  of varying the  free-stream Mach number on the  c e n t e r l i n e  f l a p  and 
s idewall  s t a t i c -p res su re  d i s t r i b u t i o n s  a t  a nozzle p re s su re  r a t io  of 4.00 i s  pre- 
sen ted  i n  f i g u r e  27 f o r  t h e  low-expansion-ratio nozzle. S imi l a r  da t a  are presented  
i n  f i g u r e  28 f o r  the  high-expansion-ratio nozzle. Both conf igura t ions  show the  same 
genera l  r e s u l t s .  Along the  nozzle f l a p  and - t o  a lesser e x t e n t  - along the  nozzle 
s idewall ,  the  loca t ion  of maximum flow expansion, i nd ica t ed  by the  minimum pres su re  
c o e f f i c i e n t ,  tends to  move downstream wi th  inc reas ing  f ree-stream Mach number. The 
ex ten t  of pressure  recovery on the  downstream part of each sur face  a lso tends t o  
decrease wi th  inc reas ing  f ree-stream Mach number. 

CONCLUDING REMARKS 

An experiment has  been conducted i n  the  Langley l6-~oot Transonic Tunnel t o  
determine the  s ta t ic  and wind-on performance of two nonaxisymmetric wedge nozzles.  
Th i s  experiment continued e f f o r t s  t o  compile a d e t a i l e d  and comprehensive da t a  base 
on nonaxisymmetric nozzles.  The nozzle geometries represented two d i f f e r e n t  nozzle 
t h r o a t  a r e a s  and expansion r a t i o s .  Tests w e r e  conducted a t  wind-off condi t ions  and 
a t  free-stream Mach numbers of 0.60, 0.80 ,  0.90, 0.94, and 1.20. The range of nozzle  
p re s su re  r a t i o s  va r i ed  wi th  nozzle geometry and Mach number. D a t a  are presented  as  
discharge coe f f i c i en t s ,  i n t e r n a l  t h r u s t  r a t i o s ,  thrust-minus-nozzle drag r a t i o s ,  
idea l  t h r u s t  c o e f f i c i e n t s ,  and i n t e r n a l  and e x t e r n a l  s t a t i c -p res su re  d i s t r i b u t i o n s .  

The s t a t i c -p res su re  da ta  w e r e  analyzed to  determine c h a r a c t e r i s t i c s  of the  noz- 
z l e  i n t e r n a l  and ex te rna l  flow f i e l d s .  The i n t e r n a l  flow upstream of the  nozzle e x i t  
i s  predominantly two-dimensional f o r  the  low-expansion-ratio nozzle. The i n t e r n a l  
flow f i e l d  of t he  high-expansion-ratio nozzle e x h i b i t s  three-dimensional e f f e c t s  due 
to  the  s idewall  geometry, which had a gap or ven t  t h a t  extended upstream of the  noz- 
z l e  th roa t .  The ex te rna l  flow f i e l d  i s  predominantly two-dimensional f o r  both wedge 
nozzles,  except  near the  outs ide  corners  where the  f l o w  shows three-dimensional char- 
acteristics. I n  the  j e t  region on the  wedge, t he  flow f o r  both nozzles  i s  charac- 
t e r i z e d  by a shock wave occurr ing a t  or downstream of the  nozzle e x i t  and genera l ly  
follawed by flow separa t ion  from the  sur face  of t he  wedge. 

Langley Research Center 
Nat ional  Aeronautics and Space Administration 
Hampton, VA 23665 
August 2, 1982 
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TABLE 1.- STATIC PRESSURES FOR LOW-EXPANSION-RATIO NOZZLE, ROW 1 

p/ptIj for x/d of - 
1 

Pt, j -. 'm 
pm 0.300 I 0.450 i 0.550 , 0.650 0.750 0.800 ' 0.875 0.927 0.975 

A 



TABLE 2.- STATIC PRESSURES FOR LOW-EXPANSION- 

RATIO NOZZLE, ROW 2 

0 , I! 0 0 
, o o u  

0 0 0 
0 (1 0 

,no@ 
, 0 0 0  
, v u 0  

,60 1 

,b02 
,600 

,601 
, b U 2  
, b n  1 
, 8 0 2  
,800 
* B o o  
,BO 1 
,6G@ 
, 8 0 0  

.90 1 
,901 
,901 
, 9 0 1  
, 901  
,899 

H Y  9 
94 0 
vu 0 

, 9 4 0  
,93@ 
, 9u 1 
, 9 4 1  
,quo 

1 , 2 0 2  
1,2no 
1,201 
1,209 
1 , % O l  
1,2112 

, R U O  

1 ,200  

' :::; 
3 , 0 3  
4.01 
u-99 
6,QO 
b 8 6 3  
1 ,Y9 
1.99 
3,uu 
3,99 
5.99 
R 8 8 0  
1.52 
1,9H 
2.99 

P/P,,j for 
x/a of - 

0.750 



TABLE 3.- STATIC PRESSURES FOR LOW-EXPANSION-RATIO 

NOZZLE, ROW 3 

,000 
,000 
,000 
,000 
,000 
, 0 0 0  
.bo? 
, b o o  
, 6 0 1  
, 69 1 
, 6 0 2  
* b O l  
,802 
,8no 
,ecu 
, B O 1  

,800 
,800 
,901 
, Q O l  
,901 
,901 
,901  

, 8 9 9  
,940 
,940  
,9uo 
,938 
,941 
, 9 U l  
*9uo 

1,202 
1 ,200 
1 , a o l  
1,200 
1 , 2 0 1  
1 ,202 
1 , 2 0 0  

,800 

,899 

4,OO 
4 , b A  
1 ,U9 
1,99 
3.00 
3.99 
5.99 
8,OO 
1 e52 
1.98 
2,99 

A,U3 
9,84 
1 , 5 0  
1.97 
2.99 
4.02 
5,99 
B,U1 
9,VY 

2,IlO 
2,90 
u . 0 1  

A,02 
9.95 

2 , O U  
?,V9 
4.61 
5,9v 

9 . 9 9  

3@99 
58'9 

1.09 

6,00 

1 , 5 u  

7899 

1 

A 



TABLE 4.- PRESSURE COEFFICIENTS FOR LOW-EXPANSION-RATIO NOZZLE, ROW 4 

C for x/d of - P 
0.250 0.450 



TABLE 4.- Concluded 

c for x/d of - 
- I  Pt, j P 

~ M, 
~ PCO 1 0.550 ~ 0.600 , 0.800 , 0.900 1.002 I/ 

,800 
,800 
,901 
,901 
,901 
,901 
890 1 
, 899 
, 8 9 9  
,940 
,900 
, 94 0 
,938 
,901 
,941 
, 940  

1,202 
1,200 
1,201 
1,200 
1,201 
1 , 2 0 2  
1 , 2 0 0  

- , @ l o  
, 1 0 1  
, 0 5 7  

Ob3 
, 1 0 7  
,158 
, 17b 
e l l u  
, 094 
, 090 
, 11s 
, 1 so 
, 159 
, 025 
, 0 1s 
* 0 ! 1  
, 0 1 2  
, OZH 
, 043 
, 062 

- , O d b  
- , 0 0 1  
-,061 
-,0b1 
-,0b4 
c, osu 
9 , 0 5 2  
-,121 
- , l i (4  
1,110 
9,112 
9 , 1 0 3  

8141 

9 , 0 8 6  
-,0b9 



I N 
N TABLE 5.- PRESSURE COEFFICIENTS FOR LOW-EXPANSION- 

Mm 

0 , 0 0 0  
,000 
. @ O @  
,000 
, O n @  

, 0 0 0  
, 6 0 2  
,600 
, 60 1 
, h J l  
,602 
, 4 @  1 
, 8 0 2  
,800 

. a00  

RATIO NOZZLE, ROW 5 

, 8 0 1  
,800 
,800 
,800 
, 9 0 1  
, 9 D l  
,9111 
,901 
,9ni 
, R99 
, 8 9 9  
.quo 

I 

, 9 38 
' , 9 4 1  

.9rr 1 
, Y U O  

f *20? 

1,201 
1,200 
1.201 
1 , 2 0 2  
1 , 2 0 0  

' 1 , 2 0 0  

z n 9 9  ~ 

0.02, 
5 . 9 9  
R , 0 1  
9 , 9 9  
1 ,49  

2,QA 
U , O l  
b . ( J O ,  
8,02 
9 , 9 s  
1 
2 . 0 0  
2 .99  
4,111 
5,99 
7 , 9 9  

2,110 

cD for x/d of - 
0.800 



TABLE 6.- PRESSURE COEFFICIENTS FOR LOW-EXPANSION-RATIO NOZ7LEr ROW 6 

, 000  
,000 
, 0 0 0  
,000 
, 000  
,000 
,bnz 

, bn 1 
60 0 

,bO 1 
.602 
, b o  1 

, 8 0 0  
, 8 (I 0 

,802 

, R O l  
,800 
, 0 0 0  
, 8 0 0  
,90 1 
,901 
,901 
,901 
, 9 U l  
,899 
,899 
.9uo ' 1 , U P  
, 9 4 0  
, 9 u o  
, 938  
,911 1 
, s u i  
,9110 

1 ,.?Pi! 
1 , 2 0 0  
1,201 
1, , 2 (1 J 
1 , 2 0 1  
1,2u2 
1 2 0 0 

2,OO 
2.96 
U , ? l  

R,02 
9 , 9 s  
1 ,so 
2.00 
2.99 
4.01 
s.99 
7.99 
9 . 9 9  

b 8 U 0  

- 

0.500 1 1.002 1 1.224 k 1.400 
,000 ,003 p. .yOo- 0 , 0 0 1  , 0 9 1  

- , l o 1  
-,)UP 
1,345 
- ,Jb9 
1 , 3 5 3  
0,340 
1,308 
9,2411 
9,109 
r . 1 7 0  
-, l I 3  
9 , 1 7 9  

17U 
-, 1 7 1  
1 , 1 7 1  

, 0 0 1  
,000 

-,OOl 
m . 0 0 2  
0 , 0 0 2  

,090  
, Ob9 
,037  

- , O S 6  
- 1 1 0 1  

,1111 
,114 

, 090  

, 1 0 3  
.Oh3 

-,018 
0,047 
-,OB1 

,100 
,096 
,097 
, Ob9 
, 0 1 6  

0,035 - a 05u 
, 0 7 3  

,0811 
, 0 7 0  
, 0 1 0  

-,Oil 
0,0411 
0 a 220 
- , 3 3 6  
1,275 

178 

- , i i a  
0 ,097  

8 050 

- 8  127 

h, 
W 

A 



h) 
P TABLE 7.- PRESSURE COEFFICIENTS FOR LOW-EXPANSION- 

RATIO NOZZLE, ROW 7 

P t , j  cp for x/d of - 
MCU 

0.150 0.500 0.800 

8 ao2 
, 0 0 1  ,000 



TABLE 8.- PRESSURE COEFFICIENTS FOR LOW-EXPANSION-RATIO NOZZLE, ROW 8 

c- for x/d of - P 4 ~ i  
' r  J B - - *  

Pa, 0.000 0.100 /Ti 0.300 1 0.400 1 0.500 71 0.800 ' 1.200 
0,000 

,000 
, 0 0 0 
, 000  
, 0 0 0  
,000 
,000 
, 6 0 2  
.6('0 
, L O  1 
,601 
,bo2 
, b o  1 
,802  
, A G O  
,8116 
, 8 ~ 1  
,800 
, R O O  
,BU0 

,901 
,901 
, 9 0 1  
,901 
,899 
,899 
,q u o  

,940 
,938 
, 9 4 1  
,941 
,9uo 

i ,202 
i , zon  
1,201 
1 , 2 U O  
1 ,201  
1 , 2 @ 2  
1,200 

,901 

1 ,9uo 

0,003 

-,00b 

, 026 
,058 
, Obb 
,040 

,021 

-,OOS 

, 024  
024 
,046 
, 0 7 9  
,067 
,055 

-,002 
0 ,028  
-,@as 
-,00u 
, OZ@ 
,031 
,037 

9,055 
1,107 
- ,081  
=,OcIJ 
-,0b6 
- , 0 2 u  
- ,007 
0 . 3 9 3  

A 



TABLE 9.- STATIC PRESSURES FOR LOW-EXPANSION-RATIO NOZZLE, ROW 9 

'm 

0,000 
, 0 8 0  
,000 
,on0 
,000 
,000 
,000 
,602 
, bo0  
,601 
, 6 0 1  
,602 
,601 
, 802  
,800 
,800 
,801 
, R O O  
,800 
,800 
, 9 0 1  
, 9 0 1  
.9Ul 
, 9 0 1  
, 9 6 1  
,899 
, 8 9 9  
,9uo 

,9uo 
,938 
,94 1 
,911 t 
,9110 

i ,202 
1 , 2 a o  
1 , 2 0 1  
! ,200 
i;201 
1 , 2 0 2  
1;2nn 

,940 

0.750 

,853 
,856 
,310 
,39n 

,3Y5 
, 3 9 5  
,858 
, 8 5 2  
,315  

,397 
* 395  
,8hO 
,852 
,335 
, 222 
, 3 9 8  

,395 
r H 5 5  
,850 
* 347 
, 2 2 5  
,399 
* 397 
, 395 
,652 
,85 1 
, 3 9 8  
* 39R 
, 3 9 5  
,395 
,395 
, 6 5 ?  , 594 
, 3 9 8  
, 399 
, 399 
,397 

, 596 

,400 

, 3 9 6  

,396 

PIP,, j 

0.920 

,544 
,529 
,suo 
, 2 3 5  
,179 
, 1 3 Q  
, l  08 
,624 
0531 
,343 

0 133 
, 1 0 2  
,bSB 
,533 
,3411 
, 2 6 U  
, 135 
,100 
, 1 0 1  
, h i 9  
, 5 3 0  
, 3 0 7  
, 2 7 1  
,136 
,099 
,098 
,588 
, 531  
I 3 2 1  
,231 
,132 
,099 
, U98 

,319 

,561  
, s a 8  
, 2 U b  
ml7e 
e 1 0 3  
,094 
,!I93 

for x/a of - 
1.002 

,637 
,005 
,400 
,2Q9 
,191 
,152 
, 134 
, h 7  1 
,408 
,401 
,251  
,161 
,097 
, 679  
,456 
,4112 
,on1 
,163 
, 092 
, O R 3  
,668 
, 459 
,402 
,402 
, 150 
,093 
,OH 1 
, b u s  
, i l l  3 
, 34 0 
,27 1 
,15u 
, u9 3 
, OH2 
,528 
,394 
, 2 9 9  
,162  
,100 
, 9 8 3  
, ( J P O  

1.200 

, b b 5  
,505 
,310 
,255 
, 1 7 9  
,130 
,108  
.bH8 
,517 
,315 
,219 
,133 
, I02 
,700 
,530 
,335 
, 2 2 2  
,135 
, i u a  
,101 
,719 
,5119 
,347 
,223 
,134 
,090 
, 0 9 8  
, 7 1 2  
, 5 3 9  
,32 1 
,231 
I 1  32  
,099  
, 0 9 R  
, b48 
,Q8h 
,246 
, 176  
,103  
,09u 
, 0 9 3  

1.400 

, bbS 
,500  
,340 
,249 
,1y1 
,152 
,134 

,524 
,343 
, 251  
, 1 6 1  
, 0 9 7  
,712 
,5U6 
,364 
,264 
, I e 3  
,092 
, 083  
,731 
,561 
,347 
,?71 
,150 
,093 
,081  
,7 26 
,552 
,340 
, 2 7 1  , 156 
,093 
, 0 8 2  

,5111 
,298  
, I82 
, 100  
, OH 5 
, (180 

, b97 

, h 8 6  



TABLE 10.- STATIC PRESSUReS FOR LOW-EXPANSION-RATIO NOZZLE, ROW 10 

I p/pttj for x/d of - P t t  j 
II -- - Ma. 

P, 0.573 I 0.591 0.650 0.700 ' 0.750 ! 0.800 0.912 0.950 1.002 ' 
0 . 0 0 0  l,51 ' ,999 ,966 .93J .890 .e30 .I46 -628 ,570 , 6 4 1  ' 

L 
II 

,9(!1 
,901 
,901 
,899 
,899 
,9uo 
,9uo 
,940 
,938 
94 1 
;94!. 
,940 

1,202 
1 ,200  

1,200 
1;2a1 
1 , 2 0 2  
1,200 

1 , 2 0 1  

2,99 
4.02 
5.99 
8.01 
9.99 
1.49 
2*08 

4 . 0 1  

b , U 2  
9.95 
1 .so 
a , u u  
2.99 
4,Ol 
5.99 
7.99 
9 . 9 9  

2.98 

6.00 

,389 
,389 
,388 
,998 
,998 
592 , 392 

* 390 
,3HH 
,387 
,995 
,998 
,593 
,3v 3 
,390 
,368 

" 394 
" 392 

, 389 

388 
,qYb 

,391 
9 39 1 

,388 

,968 
,341 

,z39 , 339 
, 3 0 0  
,971 

,339 

,QbP 
, 3 4 2  
, 340 
, 339 
,339 
,973 
,971 
,302 

,338 
,538 
, 3 3 9  
,972 

,302 

,359 
m 338 
, 3 3 8  
,970 
,969 
,343 
,301 
,339 
,338 
,339 
,976 
,971 
,340 
,340 
,339 
,338 
* 339 

#3U(J 

, 9 6 9  

D 3 4 0  

,934 
,245 
,2u7 
,247 
,249 
,250 
,930 
,933 
, 251  
,245 
,247 
,249 
,935 
,933 

,245 
,247 
, 2 5 0  
,933 
,931  
,249 
,244 
,246 
,247 
,248 
,931 
,932 
,248 
,2011 
,205 

,248 
,937 
,933 
,247 
,2113 
,2u3 
,243 

, 2 6 U  
,246 

,246 

,245 

,891 
,268 
,158 
, 160 
,163 
, 1 6 4  
,695 
,891  
,2n 7 
,157 
, 1b1 
,164 
,899 
, 893 
,307 
,151 
,160 
,162 
. 1  66 
,890 
,887 
,272 
,156  
,160 

167 
,163 
,683 
, 8 8 5  
,249 
,156 
,160 
, 142 
,163 
,878 
, B e 0  
,204 
,158 
, 1 bO 
,160 
,161 

,831 
,281 
,129 
, 1 1 1  
,113 
,114 
,838 
,830 
,307 
,109 

12 
* I15 
,nu2 
,832 

336 
, IS8 
. 1 1 1  
, 114 
,115 
, fi  39 
,831 
,326 
, 1 3 2  
,112 
,113 
,115 
,83U 
,H3 1 
, 2 8 8  
118 

, 1 1 1  
,113 
,110 
,840 
,832 
,259 
, 1 1 1  
,112 
,112 
,113 

-~ 
,747 
, 3 1 3  , 144 
, ueo 

,082 
,757 
,745 
,555 
,162 
e o 8 1  
,082 
, 7 6 2  
e 746 
,532 
, 1 7 3  
,080 

, 0 8 3  
, 1 5 6  
,744 
, 3 3 7  
,153  
, 08 1 
, U82 
, U83 
, 7 5 0  
,744 
,344 
,215 
, 0 8 3  
,082 
, 0 8 3  
,751 
,744 
,293 
,099 
,080 
, 0 8 1  

D081 

0 "2 

; 627 
,367 
,153 
,089 , Ob7 
,Ob2 

, bZ@ 

,172 

, Ob2 
,663 
,629 
, 628 
,188 

,061  
,Ob3 
,653 
,626 
,627 
,237 
,157 

,653  

,342 

095 

8 124  

062 
,063 
,643  
,627 
,627 
,250 
,162 
,062 
,063 

,627 
,308 
, 1 4 0  , 1 os 

, 6 4 1  

,061  
,062 

. 4 6 1  

. 4 h O  , 459 
,30 1 

175 
.I30 
,125 
.570 
,0bO 
,460 
,303 
, 1  02 
, 1 1 1  
,590 
,,062 
.4bl 
, 3 1 4  
, 1 4 8  
, f 12 
, 0 7 0  
,562 
,441 
.061  
.313 

156 
. J  1 I 
,071 
, 534  
,462 
,462 
, 277 
,159 
, 1 0 8  
,075 
.512  
, 4h4 
,326 
;207 ,. I38 . UA9 

,42b ,391 
,027  1 ,390 
,426 

' ,425 
, 424 
,425 
,635 
,430 
, 030 
,429 
,426 ', 425 
,64 1 

' ,431 
,432 

,427  
, 4 2 5  
,4 25 
b o 8  
,430 
,431 
, 4 3 1  
,428 
,426 
, 4 2 5  
,569 
, 4 3 0  
,432 
,431 
,426 
,426 , 425 
,518 
,029 
,430 
,430 
,430 
,428 

,430 

,427 

@ 389 
,388 
,388 
,588 
,680 
39b 
,592 
,391 
,389 

388 
, 6 8 8  
,471 
,393 
e 392 
,589 

580 
388 
,671 
, 0 5 0  
n 392 
e 392 
390 
,388 
307 

,651  
,404 
,393 
,393 
, 390 
388 , 388 , s99 

I 396 
,592 
,391  
,391 
,389 , 3B8 

A 



TABLE 10.- Concluded 

Mal 

0 , 0 0 0  
, 0 0 0  
, 000  
, 090  
, 0 a o  
,000 
, 0 0 0  

, b o o  
,602 

, 60 t 
, 60 I 
, 6 0 2  
, 0 0 1  
, e o 2  
,800 
,an0 
,801 
,800  
, 8 0 0  
,800 

1 , 9 0 1  
,901 
,901 
, 9 o l  
,901 
, e99  

I , 8 9 9  
,000 
,940 
, 9 u u  
,9 58 

,940 
1,202 
1,zoo 
1,201 
1 , 2 0 0  
1,201 
1 * i ? ( I ?  
1 ,200 

, 9 4 1  
, 9N 1 

1 . 0 5 0  

a 6 5 7  
,545  
- 5 4 1  , s39 
, 339 
* 3 3 9  
, 3 4 0  

" 5 5 4  
, 3 4 2  
* 3no 
, 3 3 9  
, 339  
, T U 1  
, 568 
* 3 4 2  
, 5 Y O  
, 3 3 9  
9 3 56 
1339 
,686 
.5ss 

a b 9 3  

1.100 

p/ptfj fo r  x/d of - 
1.155 

.4b7 
, 5 0 9  
, 2 6 8  
, I S H  
, 1 bo 

, 1hY 
, 70 1 
a s 3 1  
,2H '7  
, 157 

, 1 6 4  
,71 0 
, 556  
, 3 0 7  
, 157 
, l o 0  

, 7 1 5  
, 5 b 7  
, 2 7 2  

, I 6 4  

, I b l  

1 b 2  
, 1 O b  

, 15b  

1.200 

. bb1  
,505 
, 28 1 
, 129 
,111 
,113  
, 1 1 4  
,702 
,527 
, 3 9 7  
, 1 4 9  
, 1 1 2  
, 11s 
, 7 1 2  
,554 

, 1 1 1  
a 1  1 4  
, i 15 
, 720  
, S S U  

, 1'32 
. 1 1 2  

, 336 
, 1 S R  

, 326 

1.250 

, b b 5  
, 5 0 3  
,313  
(I 1 4 4  
, O B 0  
, 0 8 1  
,062 

, 355 
, 162 
a (16 1 
, lI82 
, 7 1 4  
,552 
, & a 2  
, 1 7 3  
, 080  
, 082  
,083 
, 730 
, 4 7 7  
, 153 
, OH I 
, 082  
,Ob3 
, 724  
,534 
, 0 4 4  
,215 
, 0 8 3  
, U H %  
, 0 8 3  

,513 
, 293 
, 0 9 9  

0 08 1 
, on? 

, 7 0  1 
, S Z b  

, 563  

, b99 

, (JHO 

1.400 

,667  

,367 
, 5 0 3  

, 3 0  1 

,130 
, 125 
, 6 9 3  
, 5 1 9  
, 342 
, 3 0 3  
, 142 
, 1 1 1  
,694 
,536 
,332 
, 314  
, 1 4 8  
, 1 1 2  

,707  
, 5 4 9  
,337 
, 3 1 3  
,156  
, 1 1 1  
, 0 7 1  
,7ou 
,539 
, 34Q 
, 277  
, 159 
, 108 
,075 
,be2 
,s2u 
,326 
, 2 0 7  
, 138  
, 089 
, O b 9  

, 1 7 5  

,070 

1.500 



TABLE 11.- STATIC PRESSURES FOR LOW-EXPANSION-RATIO NOZZLE, ROW 11 

,949 
1,202 
1 , 2 o 0  
1,201 
1,200 
1;201 
1,202 
1,200 

p/ptlj for x/a of - 
Pt, j 
P, 0.912 ' 1.002 1.050 1.100 1.155 1.200 

, Me9 , - " 

9 . 9 5  
1.59 
2.00 
2,99 
U,[Fl 
5.99 
7,99 
9 , Y P  

, 0 0 0  
,ooo 
000 

,000 
,000 
,000 
,602 
,bo 0 
, 6 0 1  
,bO 1 
, 6 0 2  
,601 
,002 
, 8 0 0  
,800 
, A 0  1 
, 800  
,800 
,800 
,901 
,901 
,QOl 
,901 
,90 1 
,899 
,099 
;9UO 
,9uo 
.9uu 

,39A 

, 395 
,394 
,512 
, q h 3  
, 3 9 &  
,399 
* 397 
,395 

, 39b 

8 395 
L I I 

, b 4 2  
8 397 

3U2 

,343 
,344 

8345 

8344 
I b 8 2  
,407 
,543 
,344 
,344 
8 34' 
, b 9 2  
,465 
,763 
,344 
,3u4 
,344 
,345 
b76 

,453 
,343 
, 3 4 3  
,340 
, 3 u a  
,3u4 

, 4 1 2  
,3113 

8 654 

,bb6 
,SO7 
,284 
, 129 
, l  12 
,114 

, h99 
,52u 
* s o d  

,112 
, 11s 
,711 
,550 
, 5 0 6  
, l b 4  
,112 
, 114 
,116 
,71d 
, s a 9  
,35u 
,133 
,111 

,115 
,695  
,511 
,279 
,116 
,111 
, J  13 
,115 
, b b 3  
,505 
,273 
,110 
,111 
, i 12 

8115 

8 150 

8 1 1 0  

, 1 1 4  

,bbb 
,504 
@ 28U 
,129 
,112 
,114 

,701 
,527 

,112 
,115 
,712 
,551 
e 3 4 1  
,164 
,112 
, l l U  

, T Z U  
1 558 
, 33U 
,133 
,111 
,1 lU 

, 7 1 0  
,524 
,279 

,111 

,115 
,b?b 

1273 
, 1 1 0  
,111 
,112 
, l I U  

8115 

8 '08 
, 150 

,115 

,116 

8113 

,500 

A 



W 
0 

si99 

TABLE 12.- STATIC PRESSURES FOR LOW-EXPANSION-RATIO NOZaE, ROW 12 

' ,399 

Ma? 

1,ono 
,000 
,000 
,000 
, 0 0 0  
,000 
, 0 0 0  
,b@2 
, L O O  
,601 
, b o  1 
,bo2 
,601 
,802  
, 8 0 0  
, 8 0 0  
, Rrj  1 
,800 
,800 
, 6 0 0  
,901 
,901 
, 9 0 1  
,P l . l l  
,901 
, 8 9 9  
, 8 9 9  
,911ti 
,940 
,940 
,938 
, 9 U l  
,9Ul 
,910 
1,2oz 
1,200 
1 ,201  
1 , 2 0 0  
1.201 

I 1 , 2 0 2  

Pt, j 
P, 

1 .SI 
I ,99 
3.00 
4 , U l  
u.99 
b , O 0  

1.49 

3 . 0 0  
3.99 
5.99 
8.00 
1.52 
1.98 
2 ,99 
3.99 
5.99 
8.02 
9.84 
1,50 
I ,97 
2.99 

- 

b,b3 

1,99 

4.02 

x/a of - 
0.591 
, 9 7 h  
*977 
*400 
, 198 
,397 

, 3 9 7  
,974 
,975 

,400 
,398 

,974 
,975 
, S4H 
,5117 
,399 
, 397 
,397 
,97 5 
,974 
, 5 4  7 
a 547 

, 396 

,346 

,396 

0.650 

, 9 3 7  
e 9 3 8  
, 346 
,345 
, 345  
,345 
,345 
, 9 1 8  
,937 
,252 
e346 
,345 

, 9 3 9  
, 9 3 @  
,278  
e 245 
3Ub 
, 345 
,345 
,936 
,930 
,248 
,242 
a 346 
* 345 
,345 
,933 
,935 
,2113 
,2u0 

,345 
, 3u5 
,935 
,935 
,346 
9 3 4 6  
,3Yb 
, 3 u s  

, 3 4 5  

, 3 4 b  

0.750 
,830 
, 8 3 5  

,2117 
,248 
,250 
, 25 1 
, R 3 R  
,RJ% 
..28r' 
,244 
,24b 
,250  
. R U 2  
,633 
, 3 3 3  
.1 s5 
,245 
,248 
, 2 5 1  
,838 
* R J? 
,287  
.15s 

,246 

0.850 
,b2S 
,626 
, 2 7 1  . 154 
,155 
,157 
, 1 5 8  
, b50 

, 5 0 0  
, 15.3 
,155 
,158 
, bh 1 
, b 2 n  
,335 

, t 5h  
157 

, 1 5 @  
, b5 1 
,026 
,332 
.137 

e b%6 

, 1 b b  

,244 ~ ,155 
, 2 0 7  , 15h 
,250 ,158 
, 8 3 5  ,603 

, 2 5 8  ,272 
,140 ,115 

82" ,157 

, 8 3 2  ,b25 
,203 ,264 
,238 ,157 
,2U@ ,156 
,2112 ,155 
, 2 U h  I , 1 5 b  

,832 ,b?b 

,2411 ,156 
,2Ub ,15h 

, 855  , 6 5 9  

P/Pt,j for 

0.950 
,570 
, 4 3 1  
,278 
, 129 
,109 
, 1 1 1  
, 1 1 2  
, b32 
, 4 3 2  
,431 
,151 
,109 
115 

,640 
,433 
,433 
,185 
,109 
, 1 1 1  
. I  13 
,blC\ 
,OJ0 
,051 
,zu 1 
,109 
, 1 1 1  
, 112 
,570 
,429  
, 4 3 1  
,?38 
, ! (19 
, 1 1 1  
,113 
,513 
,427 
, zb2 
, I09 
, 1 O R  
, 1 1 0  
, 1 1 1  

1.050 
, 6 5 9  
,548 

,345 
,345 
,345 
,34s 

,SbO 

,346 
,345 
, 3 4 5  
,703 
,572 
,348 
,347 
,3Ub 
,3u5 
,345 
,693 
,562 
,341 
,347 
,346 
, 345 
,345 

,533 
,347 
,347 
,346 
,345 
,345 
,643 
,411 
,346 
, 34h  
,34b 
,345 
.345 

, 346 

,694 

,34b 

, b69 

1 , a o o  9,Y9 , , 5 9 d  , 3 4 5  - I- 

1.155 
, b b b  
, 5 0 9  
,271 
,154 
, 155 
,157 
, 158 

6 9 9  
,528 
,282 
,155 
* 155 
,158  
,710 
,553 
, 3 0 3  
,155 

, 157 
,158 
,714 
,548 
,287 
,155 
,155 

, 158 
,525 
,238 
,154 
, 150  

,157 

154 

, 156 

,699 

, I  S b  

,656 
,509 
,Zb4 
157 

,15b 
,155 

1.200 

ab67 
,505 
,278 
,129 
e 109 
r l l l  
,112 
,700 
,527 
,300 
a 151  
e 1 0 9  
,113 

, 5 4 9  
, 335 
e109 
e 1 1 1  
fill3 
,721. 
559 
, 5 5 2  
,137 
, 1 0 9  
, 1 1 1  
e112 
e712 
,536 
,272 
8 I15 
* 109 

, 113  

(48.5 
a 262 
0 109 
(10 t )  
rl10 

,'r i i  

,Ibb 

, 1 1 1  

bb5 

.15b I , 1 1 1  

1.500 

,677 
a 5 1  (r 
,278 
, 3 7  1 
,200 
.1?2 
, l  u9 
,718 
,5u2 
,289 
,379 
, 154  
,094 
,734 
,570 
e 329 

5 6 9  
,162 
094 
,073 
7bO 
,592 
456 

, 3 1 8  
, 150 

,077 

,589 
,4115 
,307 
e 152 
,09v  
,080 
*74G 
,SBb 
,427 
,280 
,119 
,080 
, @29 

9 096 

a7b7 



TABLE 13.- STATIC PRESSURES FOR LOW-EXPANSION-RATIO NOZZLE, ROW 13 

,151 
,243 
,%Ut, 
,247 
,0711 
,540 
.25b 
,151 
, 2 4 3  
,2u5 
,245 

,379 
,2u9 
, 1 4 3  
,259 
, 2 4 1  
,242 

b 3  1 

p/ptl for x/d of - P t l j  
1 M- p, k: 1.002 VI 1.100 /I 1.200 - I 

, 155 IS1 
,153 ,107 
,155 . ,109 
,155 ,111 
, bM9 , 7 b 3  
,521 ,525 

, 1 2 b  ,151 
, 1 5 0  ,108 
,155 ,109 
, 155  , 1 1 0  

, O h 4  a h 7 3  
.?53 ,237 
.1u4 , 153  
,154 ,107 
a t 5 5  ,109 
,155 , ! l o  

,284 ,256 

,b5@ , b j 5  

0,000 
,000 

,on0 
, 000 
,000 
,000 

,bo1  

,000 

a 602 
,400 

,bO 1 
,602 
, 6 0 1  
, 8 0 2  
, 8 0 0  
.8/10 
, en1  
, R o Q  
, R O O  
, 8 0 0  
,901 
,901 
,901 
, 9 0  1 
90 1 
, R99 
,899 
,QUO 
, v u n  
, 9 0 0  
,93H 
, 911 1 
, 94 1 
,94L) 

1,202 
I , Z b O  
l,%L11 
1,200 
t . 2 0 1  
1.2n2 
1 ,aao 

1,51 
1 * Y 9  
3 , O O  
U # O l  
4,99 
6 , r) o 
6 1 6 3  
1,119 
1,99 
3 . 0 0  
3199 
5.99 
8,OU 
1,52 
1,99  
7.99 
3,Y9 
5 , Y Y  
8 , U Z  
9 , 8 U  
1 ,50 
1,97 
?*9Y 
4.02 
5,99 
A * O l  
9,99 
1.09 
? , O V  
219H 
u,o1 
6,OU 
8.02 
9,JS 
1 , 5 0  
2,3d 
2,99 
4,dl 
5 , 9 9  
7,YQ 
9.9Y 

,460 
,451 
* 549 
, 39H 
1 3 9 h  
, 595 
, 396 
,5bb 
e 452 
, 5u9 
, 3u9 
'I 5v7 

,584 
,455 
, 3 5 1  
, 350 
, 59a 
a 396 

e5Sd 
, 4 5 1  
,349 
1 J U H  

,507 
, 5 Q h  
, 525 
, 3 5 0  
, 544 
, 599 
, 3 9 6  
, 590 
,483 
m 39H 
* $99 
, 549 
, 5 9 A  
" s9 r 
a 395 

3 9 b  

396 

599 

,450 

, 285 
, 1 0 8  

1110 

a520 
,293 
, 156 
, 108 
,110 
, ? O U  

, 542 
, J i b  
, 169 
108 

,110 
* 1 1 1  
, 7 1 9  
,553 
,321  

15s 
,107 
,109 
,111  
,713 
, 533  
, Z A U  

, 108 
(I 109 
,110 

,479 
,137 
,140 
1 lU7 
, 109 
, 1 1 b  

1 I31 

, 109 
, bY& 

, 176 

, b 5 9  

A 



W 
hl 

0.591 

,975 
976 

e 350 
, 349 
,349 
,347 
,447 
,974 
,974 
,.309 

TABLE 14.- STATIC PRESSURES FOR LOW-EXPANSION-RATIO NOZZLE, ROW 14 

0.650 

,934 
,934 
, 2 U H  
,242 
,247 
,?I411 
,2115 
,939 
,935 
,270 

0,000 

,000 
,000 
, 0 0 0  
,000 
,602 
,600 
, 6 0 1  
,bO 1 
,602 
, 6 0 1  
,802  
, 0 0 0  
,000 
, 0 0 1  
,800 
,800 

,901 
,901 

,800 

.901 
,901 
,90 1 

, 899  
,899 

Pt, j - 
Pm 

1 e 5 1  
1.99 
3,OU 
4.01 
4 ,99 
6.00 
6.63 
i ,49 
1.99 
3.00 
3.99 
5,v9 
0 , O O  
1.52 
1.98 
2.99 
3.99 
5 . 9 9  
0 . 0 2  
9.84 
1 ,so 

2 .99  
1.97 

,940 1.49 
,940 2.00 
,940 2 . 9 8  

,941 0 , 0 2  
,quo 9.95 

1 , 2 0 0  2.00 
1 , 2 0 1  2.99 
1,200 4.01  
1,201 5.99 
1 , 2 0 2  7.99 
1,200 9.99 

,938 4 . 0 1  
,981  6,UO 

1 , 2 0 2  1 . 5 0  

0.573 
,997 , 997 
,398 
,395 
,393 
, 5 9 2  
392 
,998 
,997 
,399 
,397 
,394 
,392 
,999 
,998 
,399 
,598 
* 394 
, 392 
,591 
,9V8 
,997 
,397 

,996 
,997  
,399 
,395 , 394 
" 5 Y J  
, 389 
,998 
,395 

, 395 
,392 
, 391  

,396 
396 

4,02 1 ,394 1 ,34u ' , 2 3 5  
1 5.99 ,395 ,342 , 2 3 5  

8.01 ,390  ,345 ,241 
9 . 9 9  ,390 ,345 ,242 

,9Jb 
,9 35 
, 2 u 3  
,238 
,239 
,239 
,239 
, 9 3 h  
,935 
,238 
,238 
,23A 
,242 
,203 

,975 
,977 
, 3 4 3  
,342 
, 3 4 1  
,342 
, 3 0 1  
,976 
362 
,344 
,JU4 
,344 
, .3u3 
, 3 4 1  

p/ptlj for x/d of - 
0.750 

,828 
. Y 3 0  
, 2 6 5  
, 1 5 1  
, 1 5 3  
, 15u 
,154 
,833 
,827 
,270 
, 1 5 0  
,151 
,153 
.83b 
, 8 2 8  
,289 
,158 
,lSt 
, 1 5 1  
,15s 
,832 
, 8 2 6  
,279 
,153 1 ,109 
,la9 
,153 
, H20 
,826 
,2su 
155 

,152  
,157 
.153  
, R 2 R  
,826 
,247 
, 15u  
, 154 
,154 
, 150 

0.8511 

,b33 
,631 
,293 
,135 
, 1 0 5  
,107 
, 1 0 8  
,658 
,b33 
,288 
, 147 
,113 
,114 
, 609  
, b35 
,315 
, 1 b2  
,114 
, 1 1 7  
,118 
,660 

11.912 

,483 
, 4 6 7  
,387 
,263 
,159 
,081 
e 070 
,577 
,466 
,466 
,220 
,157 
, 0 6 3  
,592 
,466 
,467 
,219 

.ob1 
, l b l  

0 . 9 5 0  I 1.002 

,423 
,423 
,423 

,427 , 
,426 
.42b 
,422 

,431 
,u29 
,428 . u25 
, 6 4 1  

;b50 
. U Q 7  
398 
395  

, 3 9 5  
.392  
392 

.a35 
,399 
397 
.394 
39% 

.500  

.399 
-398 

. 6 7 4  

,424 .394 .392 

,Ob5 i ,423 ' ,391 
, 5 7 0  ' , 6 2 2  ,h75 . 490 

,649 , 5 3 u  
, 6 3 4  ,4bU 
,293 ,466 
,lUZ , 251  
,115 , 099  
,117 ,061  
,120 ,ob2 
, b o &  ,501 
,636 ,460 

, 1 4 7  ,126 
,119  ,Ob4 
,120 ,063 
,120 ,063 

,?29 ,244 

,417 -39 1 

- 
1.050 

,660 
,528 
,350 
,349 
,349 
,547 
,347 

,537 
,349 
,349 
,3118 
,34 7 
,694 
,SSJ 
,340 
,349 

348 
,347 
,346 
, h 9  1 
, 5 4 7  

, 6 8 7  

,345 
,345 

, S Z L  
,343 
,342 
, 3 4 1  
,342 
,341 
,611 

a67 1 

,362 
,344 
, 344 
,344 
,343 
,34 1 

1 . l o o  
666 

a513 
,248 
,242 
,242 
,244 
,2u5 
,691 
, 5 2 6  
,270 
,241 
,242 
,245; 
, 6 9 8  
,suu 
, 3 ( J U  
,239 
,238 
,242 
,246 
,705 
,542 
, 2 8 5  , 3 4 3  

,344 , ,235 
,342 , 235 

e 2 4 1  
,242 
b80 

e 522  
,203 
,238 
,239 
,239 

625 , 45s 
, 2 3 0  
,238 
a 238 
,242 
,243 

, 2 3 9  



TABLE 14.- Concluded 

W 
W 

p/ptlj for x/d of - P t , j  - 
'm 1.155 I 1.200 r l S 3 O 0 -  1.500 i Pm 

0.000 ~ 1,51 
,000 
,000 
,000 
,0011 
,000 
,000 
,602 
, 6 0 0  
,bO 1 
, 60 1 
,602 
, b o  1 
,eo2 
,81.,0 
,800 
,801 
,000 
,800 
, B O O  
,90 1 
,901 
,901 
,90 1 
,901 
,099 
,899 
,900 
,940 
,000 
, 9 3 8  
,9u 1 
,90 1 
, 94 0 

1,202 

1.20 1 
1;200 
1 ,2(!1 
1,202 
1 , 2 0 0  

1 , Z Q O  

1 a99 
3.00 
4.01 
4.99 
6.00 
b.63 
1.49 
1.99 
3 . 0 0  
3.99 
5.99 
8.00 
1 e 5 2  
,98 

2,99 
3.99 
5.99 

9.84 
1 ,50 
1.97 
2.99 
4.02 
5,99 
9,Ol 
9.99 
1 ,u9 
2.00 
2.98 
4 , O l  

8,UZ 
9.95 
1.50 
2.00 
?,99 
0 , C I  
5.99 
7 . 9 9  
9,9Y 

M , O 2  

6 , U O  

,667 
,507  

e IS1 
e 153 
154 

,154 
,691 
,517 
, 270  
,150 
, 151 
,153  
,099 
,538 
,zn9 
,158 
,151 
, is1 
, 155 
, 707  
,543  
,279 

1 5 3  
, 1 u9 
, lu9 
,153 
,696 
,530 
,254 
, 155  

152 
, 157 
,153 

,450 
, 2 b 7  
, 150 
, 1 5 b  
, ! SU 

,150 

e 2 6 5  

, 6 4 2  

b b b  
,506 
, 293  

135 
,105 
,107 
,108 
rh91 
,516 
, 388  
, t u 7  
,113 
, 1 1 4  
,701  
,539 
,315 
,!bZ 
e 114 
p117 
,118 
,712 
,547 
, 322 
,153 
,114 
,114 
, t 18 
,707 
,53& 
,?93 
l 1 0 Z  
* I  15 
, I  17 
, I c ? O  
eb47 
, b R U  
,229 
, l  u7 
,119 
, 1 2 0  
,120 

.6bh ' ,6711 
, 5 0 4  
,387  
. 2 h 3  
,159 ' 

, OH 1 
,070  
,696 
,510  
,400 

, 157 

, 1 0 7  
, 544 1 
, 417  
,219 
, 1 6 1  
, 0 6 1  

,2Z [J 

,Ub3 

, O h 5  
* 725 
,557 
,027 
,241 
,073 

,720 
,505 
, 4 2 3  
, 25 1 
099 

,Ob1 
,Ub? 
, b Y  r, 
* 095 
,204 
,126  
,Vbu 
,bb3 
, 463  

. O b 2  
,Oh1 

,506 
, 3 1 5  
, 2 b 4  
.c?05 
, 177 
, 160 
,708 
,534 
,336 
, 289 
,169 
, 1 0 7  
,721 
,558 
,380 
,291 
, i 7 a  
, 1 0 1  
, 082 

,5?5 
,421) 
,272 
,131 
, 1 0 0  
075 

, 747  
,566 
,413 
.27? 
,153 
,095 
, 077  
,709  

,344 f 
, 223  
, 096 

0 7 4  
,0b1 

, 746  

,562  

A 



W 
IP 

TABLE 15.- STATIC PRESSURES FOR HIGH-EXPANSION-RATIO NOZZLE, ROW 1 

MLU 

0 , 000 
,000 
,000 
,000 
,000 
, 6 0 1  
,603 
,603 
, 60 1 
,bQZ 

,802 
,801 

,801 
, e o 1  
,80 1 
,900 
,903 
,9uZ 
,901 
, 90 1 
,902 
,943 
@ 94 1 
,942  
,942 
,942 

1,200 
1,200 
1,201 
1,201 
1,201 
1,200 

,841 
1 , 199 

*t8 j 

Pa0 
1 ,so 
Z " O 1  
3,02 
4,OZ 
u, 12 
1 ,so 
2,Ol 
3,01 
u,oo 
1,49 
2m02 
3,OO 
4 , O l  
5 ,84  
1 ,50  
2,oo 
3,01 
4 , 0 2  

b,31 
1 3 0  
2,oo 
3 , 0 0  
U,03 

- 

5,Ob 

6 , O U  

0.000 
,904 
@ 39u 
* 393 
,393 
,393 
,QO 1 
* 594 
, 394 
, 593 
,393 
,902 , 394 
, 394 
, 393 
, 393 
,901 
(I 593 
, 393 
* 593 
a 392 
,393 

8 9 8  
,391  

, 392 
,391 

0.300 
, 688  
, 334 
, 333 
0 332 
,331 
a892 
332 

0 333 
, 332 
,332 
,893 
, 333 
, 334 , 332 
,331 
890 
, 333 
,334 , 333 
,331 
,331 
, 8 8 7  
, 332 
e 332 
,331 
,331 
,331 

985 
,333 
a 33u 
@ 332 
,332 
, 532 
9 332 

0.560 
, 8 S h  
,854 
,853 
,857 
,853 
, A54 
, 8 5 5  
,053 
,853 
,853 
,854 
,852  
,852 
,852 
,853 
, 6 5 b  
,852 
, AS3 
,853 
,853 
, 6 5 5  
852 

,850 
,851, 
,851 
,851 

, 949 
, 853 
,853  
,853 
,853 
* e 5 3  
,853 

, e 5 2  

P'Pt, j 
0.661 
,HIS 
, 810  
,006 
,821 
,813 
, 9.1 9 
,816 
,815 
,616  
,816 
,817 
,812 
,811 
,810 
,812 
,817  
,823 
,810 

for x/a of - 
0.763 

,b33 
, 432 
,b U O  
, 6 4 4  
, b 4 5  
, b 4 0  
,636 
,b37 
,b36 
, 6 4 7  
, b a  1 
, 639 
, 637 
, b36 
,648 
,643 

,bS& 

,640 
,810 ,639 
,810 ,638 

,638 
r 8 1 1  ,811  ,644 
,807 ,b59 
,€+Ob , 638 
,HOS ,b37 
,806 ,637 
,806 ,637 
,817 , 645 
,813 , b4 3 

, e 0 9  ,639 

, a 0 8  ,636 

,810 ,b39 

, 8 0 8  ,637 

,808 , b 3 6  

0 .889  

,469 
,466 

,U78 

,467 
, 4 6 5  
,476 
,469 

, 4 6 7  
,Ub6 
,477 , 469 
, 468 
,466 
,479 
, 4b9 , 468 
,467 
,Ub6 , 466 
nu99 
,468 
,466 
,466 
, 4 6 5  
,465  

, 4 7 0  

,468 

, 466 
,466 

,467 

, 467  

,471 

,469 

467 

0.942 

, 4 9 5  
, 3 9 4  
, 393 
, 393 
, 393 
, 455 

, 394 
, 393 
; 393 
,560 
, 394 
, 394  
, 39 3 
,393 
,,bo2 
, 3 9 3  
,393 
,393 
,392 
, 393 
, 62 1 
, 3 0  I 
i3Q1 
,392 
p 392 
,392 
, 4 4 3  
,392 
,39 1 
, 393 
, 392 
392 

, 3 9 4  

392 

0.990 

,635 
# 334 , 353 
, 332 
,331 
,643 
, 332 
,333 , 332 
, 332 
,659 
,333 
, 354 
, 332 
,331 , 667 , 333 
* 334 
, 333 
,331 
,331 
,677 
* 332 
, 332 
,331 
,331 
,331 
,603 
, 333 , 334 
, 332 
, 332 
, 332 
, 332 



TABLE 16 .- STATIC PRESSURES FOR HIGH-EXPANSION- 

RATIO NOZZLE, ROW 2 

0 , 0 0 0  l.SO ~ , 652  ~ , 572  ' 

, 0 0 0  2.01 I . o o o  3.02 

, bn 1 
,6Q3 
,603 
,60 1 
,602 
, 801  
,802  
, 8 0 1  

,80 1 

, 9 0 3  
, 902  
, 9 9 1  
, 9 0  1 
,9!ll? 
,9443 
,9u 1 
,942 
,9u2 

1 , 8 0 1  

I ,900 

,9U2 
,901 

1,199 
1,200 
1,2CIO 
1 , 2 0 1  
1,ZOl 
1 , 2 0 1  
I . zoo  

1 ,SO 
2.01 
3 .01  
4.00 
5.06 
l e u 9  
2.02' 
3.00 
11.01 
5,Ab 
1 ,so 
2.00 
3 . 0 1  
u.02 
b,OU 
6,31 
1 ,SO 
2.00 
3.00 
4,OJ 
6 , ( l 2  

1.51 
1 e99  
3 1 0 1  
4 . 0 1  
6 . 0 0  
7 . $ 9  

6.51  

B , b 7  

,598  I 
385 . 383 . 383  

,648 
,391 
, 3 8 3  

e 396 
,385 
, ' 3 A 3  
, 3 8 3  
,5ue 
,391 
1 383 
,385 
,382 ' 
,5921 
,391 

384 
38.5 

1382 
,611 
* 3 9 0  
, 3 4 3  
a 582 
, 3 8 2  
e '362 
I b?7  
,391 

382 
, 3 6 1  
, 3 6 1  
e381  
, U A 7  
(I 585 
382 

q 3 8 l  
, 382  
, 3 8 1  
.382 

A 



TABLE 17.- STATIC PRESSURES FOR HIGH-EXPANSION- 

RATIO NOZZLE, ROW 3 

p/ptlj for x/a of - 
PCO 0.763 I 0.942 I 1.018 

, bU 3 
,603 
, b o  1 
,602 

, 8b2  
' ,801 

,H01 
, R u t  
,900 
, 9 0 5  
,902 
* 9 0  1 
, 9 0  1 
,902 
,9113 
,911 1 
,9112 
,942 

.or) 1 
1 , 1 9 9  

' 1,200 
I 1 , 2 0 0  

1 , 2 0 1  
f , 2 0 1  
1 . 2 0 1  

, 801  I 

, 9 4 2  1 

I 1 . 2 0 0  

, bU9 
, 5 7 4  
, 3 0 0  
1 2 5 b  
, 239 
,57u 

,257 
,238 

, 3 1 0  
# 2 5 8  
,238  
,237  
, 6 5 0  
,577 
g5lS 

* 2 3 7  
,237  
a b 0 9  
9 523 
* 294 
, 2 5 5  
,237 
,237 
, 237 

0 6 ' 5 1  

1304 

a b 5 3  
, 5 7 6  

,257 

,596 
r4b3 
a 3 1 b  
,237 
I 1 9 0  
,574 
,453 
, 3 1 0  
, 2 3 5  
a 1 7 1  
, 577  
, 4 5 7  
, 3 1 0  
,238 
, 1 7 0  
a 165 
,603 
I 4 6 5  
, 3 1 8  
a 242 
, 174  

t b 3  
,521 
,141 1 
a 2 5 h  
, 217  

, 1 4 4  
, 13s 

. 1 7 3  

1 ,638  
, 4 6 9  
, 3 1 6  
,237 
@ 1 9 0  

,1154 
, 3 1 0  
,235 
, 1 7 1  
, b b l  
,459 
, 3 1 0  
,238 
, 170  

1 b 5  
, b 7 2  
, U 7 ?  
,318 
,2u2 

1 7 4  
,165  
,602 
, 323 
,25h 
,217  

173 
* 1 4 4  
.135 

,649 
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TABLE 18.- PFGSSURE COEFFICIENTS FOR HIGH-EXPANSION-RATIO NOZZLE, ROW 4 

c for x/a of - 
l P t , j  P i M, I - '  _ _ _ _ _ ~  

Pm -0.100 ' 0.000 0.100 0.150 0.200 0.250 0.300 0 - 4 0 0  ' 0.450 0.490 ~ 

o ,ooa 
,on@ 
, a 0 0  
,000 
,000 

,603 

,801 
,802 
, 8 0 1  
,130 1 
,801 
,900 
,903 
,902 
,901 
, 9 0 1  
,902 
, 9 0  3 

,9u2 
,9u2 
,942 
,9u 1 

1. , 2 0 0  
1,200 
1 , 2 0 1  
I D 2 0 1  
1.201 
1,ZOO 

,60 1 
,603 

,60 1 
,402 

, 9 U  1 

1,199 

,000 1,000 -.ooo 
-,OOl - , 0 0 1  
-, 0 0 1 -, 0 0 1 

,002 8 0 0 2  
1 ,001  - , ' l o 1  
-,31r5 - D 5 u P  
1 , 3 5 0  w.356 
-,3Qb 1,358 

- , O ( l l  
, 026 
, 0 1 6  
,016 
g 0 2 3  
g 0 34 
, 0 1 3  

,02 1 
,021 
,032 

- ,Ol lU 
1, 130  
-, 115 
-,076 
- , o i o  
- ,014 
m ,  2.52 
1,238 
- , a 4 4  
-,201 

a, 118 
D.330 
-, 335  - , 345  
- , 3 u 3  
m.357 
1 , 2 7 8  
-,267 

, QU6 

* D 1 3 0  

w 
4 

A 
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TABLE 18.- Concluded 

3,000 
,000 
,000 
,000 
,000 
, 60 1 
, 40  3 
,603 
,601 
,602 
, 6 0 1  
, 6 0 2  
,801 
,001 
, 80 1 
,900 
, 9 0 3  
, 9 0 2  
,901 
, 9 0  1 
,902 
,9&3 
,9111 
,9u2 
,942 
,9uz 
,941 

1,200 
1,zoo 
1,ZOl 
1,1201 
1,201 

1,199 

1 ,zan 

-- 
0.542 

,000 
=,OOl 
- e 0 0 1  
,002 

-eo01 
e US6  
a 046 
,0311 

0 5 7  
@Ob5 
,05Q 
*u59 
(043 
, 0 5 7  . 0 7 5  

m a 0 3 7  

for x/d of - 
0 .699  

-,ooo 
- ,ooo 
- ,UOi!  
, 0 0 2  

-,uoi 
, 0114 
,017 
,010 
, 0 2 7  
, o u 3  
, (r5 1 
, oz7 
, 0 3 3  
, os2 
, 0Hb 
, 050 
, 024 
, 026  
a 0 6 2  
, 103 
, 1 1 1  

1,013 
1 , 0 3 3  
1 , 0 3 3  
- , 0 0 2  

,0UO 
, 067 

-,092 
1,094 
- .oe7 
-a101 
-,043 
- , 0 2 0  
1.024 

0.804 

- a 0 0 0  
- , 0 0 1  
- a 0 0 2  
, 0 0  1 

-.002 
, 037 

-.OS8 
1,035 
,005 
, 020 
, ou9 

-,000 
w . 0 0 3  
,044 
,090 
, Ob9 
, 028 
, 028 

, 127 
,133 
, 052 
,0111 
,011 
,@U9 
, 098 
,1lb 

1,070 
1 , 0 7 2  - , os7  
m . 0 3 3  

,040  
, 090 
.098 

,Oh4 

0 .909  

-,000 
-, 002 
,000 

, 047 
- ,057 
- , 0 7 0  
1,012 
, 0 34 
, 0 9 8  

1,053 - , 0112 
,023 
, 105 , 079 

-,OO0 
,001 
, 055 
, l u b  
,158 
, 084 
, 0 2 1  
,018 , 059 
, 127 
, 153 

-,059 
-,OC10 
1,049 
,007 
, 094 
,136 , 1 4 4  

* , O U 3  

- , 0 0 3  
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TABLE 19.- PRESSURE COEFFICIENTS FOR HIGH-EXPANSION- 

RATIO NOZZLE, ROW 5 

Cp for x/d of - Pt, j 1 Mw 
+IL, 
' 0 , 0 0 0  1,SO -,000 

- 
0 000 / 0.490 1 0.804 , 

, 0 0 0  
, 0 0 0  
, 0 0 0  
,000 
,60 1 
, 6 0 3  
, , b o 3  
, 6 0 1  
,602 

I , 8 0 1  
,002 ' ,801 ' ,PO1 
, 80 1 
, 9 0 0  

I , 9 0 3  
, 9 0 2  
, 9 0  1 
, 9 0  1 

, 94 3 
9 a  1 

, 9 u 2  
, o u 2  
, 9 U %  
, 9 4  1 

I , 199 
1,200 
1,200 
1,201 
1,201 
1,201 
1.2n0 

,902 

A 



P 
0 

b,OOO 
,000 
,000 
,000 
,000 , b l l l  
,60 3 
,603 
,bO 1 
602 
,861 
,R@2 
,801 
,801 
,801 
,900 
,903 
,902 
.90 1 
,90 1 
,902 
,903 
94 1 

, 9 & Z  
L 902 
,942 

1,199 
1 , 2 0 0  

,941 

1 , 2 0 0  ' 3.01 

1,201 6,OU 

1.200 8 , 6 7  

1,201 4,Ol 

1 , 2 0 1  7.99 

TABLE 20.- PReSSURE COEFFICIENTS FOR HIGH-EXPANSION-RATIO NOZZLE, ROW 6 

Cp for x/d of - 
-0,100 
- . O O U  
-,000 
9 ,  u 0  1 
,003 

-,000 
9,  118  
9 ,  126 
9,129 
9,121 
9 , 1 1 4  
- , ! S o  
-, 1 5 0  
9 ,  1 5 4  

133 
9, 126 
- ?  144 

0.300 
- * 0 0 0  
- * o 0 0  
-,001 
, a02 

- , 0 @ 1  
9,1%4 
9.  125  
9.121 
- , l O l Y  -. 107 
9,148 
9 ,  157 
- . 1 5 0  
m . 1 5 0  
-, 1 of3 
9.235 
9.2u7 

9,196 
-,14u 
9,138 
-, 352 
m.362 
9.3u4 
-,3u9 
-, 32s 
-,31U 
9 , 1 8 2  
e, 1711 
9 ,  179 
9 , 1 7 6  
-, I t30 
9 ,  1 8 0  
-, 180 

-.22b 

0.800 
-,a00 
- * 0 0 1  
-,002 

, 001  
-,002 
r ,u51 
* * 059 
9 , 0 4 6  
w , 0 1 5  
m.007 
1,042 
-,O48 

, 0 0 7  

9,068 ,006 ,020 - .UOZ 
9,027 ,055 ,071 . 0 3 0  
-,016 ,074 . 0 26 

1.224 
r . 0 0 0  
-,001 
- , O O 2  
,002 

-,001 
,017 
,018 
,010 

a e 0 1 7  
-,077 
, 045 
* 0 S8 
, 0 1 1  

* ,OZZ 
*,l40 
,062 
, 0 7 5  
,032 

- , 0 2 7  
-,124 
-,14% 

1.400 

- , 0 0 U  
-,oo1 
-e001 
,005 
,005 

,392 

,099 
0 2 7  

@ 098 
,110 
,120 
e UH6  
138 

, 1 1 4  
# 147  
* 144 
,091 

- *  183 - ,229 
,138 
e 170 
, 178 
, 1 1 3  
153 

-,213 
* 040 

,069 

8 117 

104 
-,209 
- e  15b 
- 8  133 

* e  1 4 4  
1,146 



TABLE 21.- PRESSURE COEFFICIENTS FOR HIGH-EXPANSION- 

RATIO NOZZLE, ROW 7 

, _ _  ' Pt,j C, for x/a of - 1 

,000 
,000 
,000 

1 ,000 
,601 
,603 
,603 
,60 1 
,602 
, eo1  
,802  
,801 
,801 
, 801  
,900 
,903 
,902 
,QO 1 
,90 1 
, 9 0 2  
,943 

,942 
,9UZ 
,942 
,911 1 

I, 199 
1,200 
1 , 2 0 0 
1,201 
1,201 
1 ,ZQl 
1,200 

, 941  

2 .01  
3.02 
U . 0 2  
u.12 
1 e 5 0  
2.01 
3.01 
4.00 
5 . 0 6  
1,119 
2.02 
3.00 
u.01  
5.8U 
1.50 
2.00 
3 .01  
4.02 
6,011 
4.31 
1 ,SO 
2.00 
3 . 0 0  
u.03 
6.02 

1 ,s1 
1.99 
3.01 
4 . 0 1  
6.00 

@,67 

6.51 

7 . 9 9  

A 



I- 
- 

~ ,941 

P 
h) 

#, 

TABLE 22.- PRESSURE COEFFICIENTS FOR HIGH-EXPANSION-RATIO NOZZLE, ROW 8 

Ma. 

6,000 
,000 

,000 
,000 

,000 

,60 1 
,603 
,603 
,601 
,602 
,801  
,802 

,801  
, 8 0 1  
,900 
,903 
,902 

I ,901 
,901 

,943 

,80 1 

1 ,902 

Cp for x/d of - 
0.300 

1.50  -,154 -,2bi , - , M B  - , u ~ o  

0.400 

-,QUO 
-,ooo 
-,002 
,001 

-,002 
1,261 
-,283 
- , 2 8 7  
1,280 
-,2b5 
1,304 
- , 3 2 1  
- , 3 0 7  
-,300 
-,Zb2 
- , J o b  
1,334 
-,3Q3 
1,275 
-,236 
-, 224 
- , 682  
-,692 
r.703 
r.578 
- , a 5 7  
1 , 2 0 2  
- , 3 9 l  
-, 394 
-,396 - , 394 
-,390 -. 393 

I II 



TABLE 23 . -  PRESSURE COEFFICIENTS FOR HIGH-EXPANSION- 

RATIO NOZZLE, ROW 9 

I _ _  I P t , j  ~ cn €or x/a of - 

,ouo 
,000 
@ 000 
,000 
, 60 1 
,603 
, 6 0 3  
,bo 1 
,602 
,80 1 
,802 
, 8 0 1  

I ,eu1 
,811 1 
,900 
,903 

,901 
,901 
,902 
,943 
,9u  1 

,902 
,9u2 
, SU.1 

I , 199 
1,200 
1,200 
1,201 
1,201 
1 , Z f l l  
1 ,290  

, 9 0 2  

,942 

p 197 , 296 
a202 , 197 
,209 , 192 
, S%O ,611 
D 353 353  
,197 ' ,281 

, 1115 
,141 
,619 
, 346 
, 283 
, 179 
, 120  
, 63 1 
, 377 
, 292 
,179 
* 116 
,116 
,6U9 
,409 
,31u 
, 186 
, 1.18 
, ! I b  
,531 
,209 
,219 
153 

,117 
* I 1  1 
. I !  1 

. 658  
, 4 8 3  
, 330  
, 2 4 0  
,232 
, 672 
, 490 
@ 343 
,228 
,'147 
, b94 
,506 
,351 
* 2 2 h  
, 121  
,701 
, 516  
, 355 
,235 
, 115 
, 112 
, 7 1 2  
,527 
, 360 
,261 
,114 
, 109 
* 592 
, u i n  
, Z S 8  
, 169 
,117 
, 1 0 2  
, 1 0 0  

,493 
, 330 
,240 
,232 
, 4 8 1  
,509 
, 3 4 3  
,228 i 
147 

,705 
,527 
,351 
, 226  
121 

,715 

@ 155 
235 
, 115 
I 1  12 
, 729 
, 559 
, 368 
,261 
, 114 , 109 
, 622 
,471 

,546 

, 258 
, lb9 
. J  17 
102 
, 1 0 0  

P 
W 

A 



P 
P 

. -  

0.750 
,615 
,392 

,201 
2U 1 
,b13 
,376 
,201 
,201 
,202 
,615 

,201 

% 

0,900 
,000 
,000 
,O@O 
, 0 0 0  
,bo 1 
,603 
,603 
e 60 1 
,602 
, R u l  
,802 
, 8 0 1  
,801 
, a 0 1  
,900 
,903 

1 ,902 
,901  
,901 
,902 
, 9 u 3  
,9u 1 
,902 
,9112 
,VU? 
,901 

1. ,200 
1 , 2 0 0  
1 , 2 0 1  
1 , 2 0 1  
1 , 2 0 1  
1,LOO 

1,199 

0.800 
,509 
,506 
, le9 
,189 
,189 
,506 
, 3 9 5  
, 190 
, 1 9 0  
, 190 
, 5 0 6  

TABLE 24.- STATIC PRESSURES FOR HIGH-EXPANSION-RATIO NOZZLE, ROW 10 

, 592 

0 393 ,251 

,388 ,905 
58b ,252 , 3 8 4  , 25% 
,386 , 252 
$ 5 8 5  , 2 5 1  

,385 e253 
, 5 8 6  ,253 

252 

59b 

,389 ,906 

0.650 

, 8 0 5  
,254 
,223 
,223 
,223 
,803 
, 2 2 u  
,225 
,225 
,224 
,804 
,225 

,384  
3 8 b  
,385 
, 5 8 5  

9 383 
, 3 8 0  
, 385 
, 3A4 
,3H5 
,987 
, 5 8 U  
,385 
, 3 8 4  
,385 , 3 0 4  
,5nu 

0 392 

,253 

,251 
e251 
ov03 
,251 
, 252 
,252 
1751 

,9ou 
,255 
,?50  
,254 
,254 
,750 
,253 

! ,253 

,251  

P1Pt.i for  x/d of - 
0.700 

,712 
,382 
a 2 1  1 
,212 
,212 
, 7 0 8  
,366 
,213 
,213 
,213 
,708 
, 3 4 4  
, 2 1 5  

, Z Z 4  
2 2 5  
,225 
,224 
,801  
,i)t?b 
, % 2 U  
,225 
, 2 2 5  
, 224 
,no0 
, 225 
,?24 
,226 
, 2 2 b  
* 235 
285 

,213 
,213 
,212 
, 2 1 3  
.'?OS 
,355 
,212 
,213 
, 2 1 2  
.?I2 
, 7 0 1  
e215 
, 2 1 3  
,217 
,314 
,213 
,213 

I , 2 0 1  I 
,20 1 
, 2 0 1  
* 2 0  1 

, 393 
,201) 
,20 1 
, 2 0 1  
,200 

,199 
, 2 0 0  
, 2 0 1  
, 2 0 0  
, Z C I U  

,b13 

, 6 1 1  
,2Ob 

e 193 

, 188 
* 189 
e 5 0 2  
,500 
,192 
,190 . 109 
,189 
,499 
, z u u  
, 195 
, 191 
,190  
,188 
, I H R  

, 190 

0.850 
,392 
,307 
,279 
, 172 
,172 
, 388 
,386 , 2 8 5  
, 1 7 2  
, 1 7 4  , 389 
0 3tl5 
,299 
0 1 7 2  
, 175 
e .39 1 , 385 

~ ,303 
* 172 
* 174 
,174 
, 392 
,383 
,31 1 
,171 
, 17u 
,175 
, u o u  
, 5 1 1  
, 1  b9 
, 1 7 2  
,175 , 17u 
,175 

0.912 

,u90 
, 2s2 
,318  
,158 
,15e  
,413 . 252 
,31 7 
, 158 
,159 
,uu3 
.253 ,. 32 1 
. 1 S @  

. a 7 8  
, 253 
, 323 
.158 
,159 
.I40 
.a96  
, 2s 1 
, 326 
, ! $ 7  

160 
.I40 
. u h 7  

357  
,166 
157 

,160 
, 159 
- 1 5 9  

.I60 

0.950 

,489 
,254 
, 32P  
8 141 
,141 
,480 
,22u 
,325 
@ 142 
, 1 4 2  
,5Ob 
,225 
, 328 

1 4 1  , 145 
,530 
,226 
,320 
, l U l  
, 113 
, 1 0 5  
, 550 
@ 226 
,331 

1 4 3  
, 1 4 5  
,143 
, 501  
,225 
,267 
, lQ2 
, 144  

1 4 4  
,144  

1.002 

0 528 

,133 

366 
, 5 3 1  
e 181 

128 
,568 
m 344 
,331 
,216  
9 129 
,582 , 337 
,331 , 237 
, l % P  
e 129 
a b 0 3  , 555 
, 335 
a 250 
, 128 
129 

,517 
,215 
9 2 8 0  
e 127 
9 129 
a 129 
v 1 2 9  



TABLE 24.- Concluded 

0,ooo 
,000 
,000 
,000 
,000 
,601 
,603 
,6113 
,bo 1 
, bOc? 
, 8 0 1  
,802 
,801 
,601  
,8u 1 
,9@0 
,903  
, 902  
,901 
,901 
,9u2 
,9u3 

,9112 
,9u2 
,942 
,911 1 

1,200 
1,200 
1 , z o i  
1,201 
1 , Z t l  1 
i ,m 

,Ob 1 

1,199 

2 ,  p/ptlj for x/d of - 
1.500 , P, , 1.050 1.155 I 1.200 1.250 1.300 1.400 

1.50 ' , 5 Y J  , h u h  ' ,674 , 0 8 0  .b89 693  ,b92 ' :r05 
e 392 
p 352 , 257 
, 242  
,604 
,376 
,346 
,2u7 
, I  B O  
, b l S  
, 373 
, 3 U H  
,2449 
a 1 1  I 
,623 

,348 
, 380  

,404 
# 377  
, 2 b 5  
,249 
* b U 4  
e 395 

376 
,751  
p 196 
,652 
,391 

, , 3 8 3  
,252 
0 1 5 U  

6 5 2  
e 0 1  1 
,395 

,114  
,113 
,443 
,393 
,366 
,2b4 
q 107 

526 
,107 

,206 
,290 
, 2 2 2  
0 119 
,106 
, 1 0 2  

,430 , U S 5  
, 2 7 9  , 318  

17% ,158 
, 1 7 2  ,158  
, b 7  1 ,68b 
,035 ,J7U 
,285 ,317 
, 172 158 
,174 , 159 
, b f l l  , 7 0 0  
, 4 4  1 ,095 
,299 ,32 I 
,172 ,150 

175 ,160 
, b y 2  ,69H 
,473 , 5 a  1 
,303 I ,324 
,172 
, I 7 U  
" 174 
,700 
,498 
,311 
,171 
,170 
,175 
,560 
,31 I 

, I 7 2  
,175 

114 
,175 

, 1 b q  

, 158  
,159 

,715 
,539 
,326 
,157 
, 160 
.1 bO 
, 578  
,35 7 
,166 
, !57 
, i o 0  
, 159 
, i s 9  

,1 b0  

, 483 
, $218 
,141  

101 
,by5 
,513 
, 325 
, I U i ?  
, 1  crz 
,711 
, 558  
328 

,141 
.e 1u3 
,711 
,555 
,520 

1 4 1  
, I 4 3  
,143 
,726 
,564 
,33 1 
,143 
,143 
,1 u 3  
,SY4 
, 0 0 3  
,26? 
, lUZ 
,144 
,144 
, 1 d U  

,506 
,334 
,228 
,133 
, 7 0 1  
,537 
,531 
* 181 , 128 
,718  
,557 
,531 
,Lib 
, 129  

, 5 6 9  
, 7 2 1  

,531 
,237 
,128 

129 
'7 30 

,577 
,535 
,250 
, 128 

129 
, b l  i 
,446 
,280 
,127 
,129 
, 129 
,129 

,530 , 5 U Y  
, 3 5 2  ,377  

,242 ,2U9 
mb91 ,720 
,544 ,570 

,247 ' ,251 

,257 .c?h5 

,34b .37b 

,140 
,709 
,553 
,348 
,249 
,113 
,722 

565 
348 

,256 
,114 
,113 
,749 
,586 
, 3 b b  
,264 
,107 
, 1 0 7  
a b29 , u9u 
,290 
,222 

119 
1 0 6  
102 

,196 
, 7  T Q  
, S R  1 
, 38 'I 
, 2 5 2  
, 1 5 4  
.74Q 
,594 
, 395 

, 1 0 3  
, 7 5 8  
,602 
409 

,i?lC) 
153 
, 092 

, 5 5 7  

, 232 
077 

,072 
, 0 7 2  

,262 
, l U h  

.h66  

c 3 1 ?  

A 
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TABLE 25.- STATIC PRESSURES FOR HIGH-EXPANSION-RATIO NOZZLE, ROW 1 1  

% 

o,ono 
,000 
,000 
, 0 0 0  
, 0 0 0  

,603 
,b@1 

,801 
,802 
, 8 0 1  
, 8 0 1  
, e o 1  
, 9 0 0  
, 9 0 3  
,902 
, 9 0 1  
, 9 0 1  
, 9 0 2  
,9u 3 
, 9 0 1  
,9u2 
, 9 b 2  
,942 
,911 i 

1,199 
1 , 2 0 0  
1 *t?LIU 

1 .20  1 
1 , 2 0 1  
1 ,201 
1 .200  

,601 
,bo3 

,bO? 

x/a of - 
1.002 
,561 
,376 
1207 
,253 
( 2 5 0  
,555 
* 355 
,?OH 
,208 
,209  

, z u 9  
, 3 0 9  

,209 
,578 
0 2 h l  
, 2 0 9  
,210 
,208 
,209 
, c j o 1  

, 303 
,209 
,209 
, % C P  
, 2 0 9  
,si2 
, 2 1 2  
121 0 
, 2 1 0  
,210 
,210 
,?(?9 

e S b 9  

(%09 

1.050 
,bl t 
, 390 
, 1 9 b  
,LO 7 
,207 

383 
,199 
,199 
199 

, h Z 5  
,378  

199 
,199 
,199  
b z u  
, 3 M  5 
,199 
,199 
,199 
,199 
,hAh 
,497 
, 1 9 7  
,198 
, 199 
. l o 9  
,521, 

197 
, 1 9 8  
199 
199 
, 199 

, b l \  

,204 

1.100 . b 5 2  
,408 
, 1 8 7  
,186 
,185 
, h 5 3  
, 4 0 3  
, I  A8 
a 1 B h  
. le t?  
, i 
,015 
,191 
, t d 5  
, 185 
* b b l  
,437 
, 192 
, t n7 
,185  
,183 
, b 8  3 
, 4 5 6  

191 
, l h h  

185 
183 

, s a 7  
,2s5 

,lHb 
l d 2  
1112 

(I 182 

. t HQ 

1.155 
,67U 
,U2b 

, 1 6 9  
.I69 
,bTb 

,200 

,1139 
229 
169 

, 1 7 0  

U b U  
, 2 5 9  
, i b e  

I 7 1  

,469 
,%b7 
, 1 b H  
, 1 7 1  
, 1 7 1  
,707 
, 5 0 8  
,291 
,167 
,171 
,171 
,5611 
, 3 1 0  

, i ~ ?  

,b8b 

, 686 

, 1 b5 
, 1  bH 

.171 . 171 

1.200 
, 6 8 3  
,454 
,296 
# 15s 
, 155 
, b8H 
, 4 7 8  

,155 
,156 
, 699 
, 5 0 3  
,51U 
, 155 
,157 
,708 
,531 
,317 
155 
, 157 
,154 
, 720 
, 5 4 5  
,522 
,15u 
* 157  
, 1 5 7  
, 5112 . 3 5 3  
* 153 
,IS$ 
,157 

156 
,157 

,504  



TABLE 26.- STATIC PRESSURES FOR HIGH-EXPANSION-RATIO NOZZLE, ROW 12 

,801 
, 8 0 1  
,801 
,900 
,9Y3 
, 962  
,901 
,90 1 
,902 
,943 
,9& 1 

,qui! 
,942 
,944 1 

1 , 2 0 0  
1 , 2 0 0  
1 , 2 0 1  
1,ZOl 
! , 2 0 1  
1 , 2 0 0  

,942 

1,199 

h.04 ,375 
6.31 ,575 

e 5 8 b  
* 372 
,373 
" 3 7 U  
,57u 
,575 
(I 955 
,J7n 
,372 
,373 
,575 
, 370 
370 

,212 
,212 
e91 1 
,217 
,212 
,212 
9 2 1 2  
rZ1Z 
,017 
,215  
021 1 
,212 
,212 
,212 
,212 

,ziJ1 
, 2 0 1  
,802. 
, % H 3  

,2u 1 
, 2 0 1  
a20 I 
,797 
,335 
,200 
,201 
,201 
,201 
,800 
,204 
,202 
,202 
,202 
,202 
,202 

,%rJ2 

,190 
,189  
, 1 8 9  

, ,413 
,3 79 
,190 
189 

,189 
,189  
a611 
, 397 
,189 
, 189 
,189 
,189 

,199 
,190 
,190 
,190 
, 169 
,189 

,606 

,377 
,171 
* 173 
, 1 7 3  
,384 
, 390 
,177 
,173 
,174 
,384 
,375 
, 1 ? 8  
,172 
,175 
,385 
,375 
,178 
,172 
,174 
, 1 7 4  

,372 
,177 
,171 
,174 
,174 
,401 
, 2 5 5  

,172 
,17u 
* 1 7 4  
,174  

, sa6 

, 168 

,220 
,155 
, 156 
,156  
,4b9 
,217 
,154 
,156 
,15h 
* 4Y3 
,218 
,176 
,156 

,516 
,218 
,235 
,155 
,157 
a 157 
,539 
,217 
,277 
,155 
, 157 
,151 
,492 
, 5 1 8  
, i55 

157 
,158 
,157 
, 1 5 7  

, 1 5 7  

,349 . 3h5  

146  . f 20 
, 144  . l l H  

,341 . 373 
, 2 7 6  - 3 3 0  

146 . t 18  
9 147 . I  19 
,580 .637 
,318 . 3 h 9  
,264 . 3 1 s  

1 4 6  . 1 1 R  
,1117 .11Q 
.58B .b40 

,277 -370 

,573 .636 

,283 
, 3 0 1  , ius 
,147 
e 1 4 7  

,33s 

* 144 

, 147  

,bib 

,306 

8 147 

,506 
,359 
9 144 
, 145 
9 148 
,147 
, 1 4 7  

, 3 7 9  
- 3 1  9 . J ?7 
.119 
,119 

. 397 

.333 
1/37 

.119  

.5? 0 

. 259 

.119 

. 1  ?U 

.I21 

.I31 

. h 6 5  

. l Q 9  

,402 
,ZY1 
,302 
,292 
, b b 6  
, 3 9 0  
,316 
, 28b 

1 bo 
,672 
,400 
,369 
,i?b! , @ 6 9  
,6744 
,4344 
,178 
,261 
,Ob9 
,Ob9 
,645 
, U h O  
, I 7 7  
, 2 7 7  , O b 9  
, 0 b 9  
,539 
, 255  
,334 
, 2 1 0  
,070 
,070 
,070 

,480 
9 155 
, 156 
I 15b 
,663 
,437 
# 154 
, 154 

15b 
(I be9 
,466 
, 176 
, 156 
9 157 

bY5 
,505 
0 d 5 5  , 155 
a 157 
9 157 
,710 
,524 
, 277 

155 
a 157 
0 157 
,558 

e 155 
157 

8 158 
157 

0 157 

, JIB 

A 
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TABLE 26.- Concluded 

p/ptlj for x/a of - 

,5u 7 
, 5 0 1  
,111s 
,147 
, 1 4 7  
,? t i?(!  

,556 
,Job 
* 1 U U  
I 1  u 7  

1 4 7  
,578 
* 459 

1 4 5  
141, 

, 1  u 7  
* 107  

Q l u '  

e 7 2 b  
,570 
, 3 1 9  
* 127  

, 1 1 9  
, 7 3 u  
e 5 7  7 
, 3 3 3  , 1 8 7  
* 119 

119 
, 6 1 9  
* 45s 
, 259 

119 
* 120 
* 121 

121 

, I  19 

, b 8 8  

, 3 9 2  

,28b 
, 1 6 0  
* 7 Y ( J  
,57h 

3 6 9  
*2h1 



TABLE 27.- STATIC PRESSURES FOR HIGH-EXPANSION-RATIO NOZZLE, ROW 13 

p/ptlj f o r  x/d of - Pt , j  ' Mm - Pm k' 1.002 ' 1.050 I 1.100 ' 1.155 I 1.200 
0,000 1.50 , 3 7 2  . b67  , b 7 3  , 6 7 5  

, 0 0 0  
,000 
, 0 0 0  
, 0 0 0  
, b o  1 
, 6 0 3  
,603 
,601  
, 6 0 2  
,801 
, 8 0 2  
,801 
, P O  1 
, 8 0 1  
, 9 0 0  
, 9 0 3  
,902  
, 9 0 1  
, 9 0  1 
, 902  
,911 3 
,Qol 
,942 
,942 
,942 

1 ,199  
1,2QO 
1 ,200  
1 , 2 0 1  
1 , 2 0 1  
1 , 2 0 1  
1 ,200  

, 9 4 1  

,238 
, 2so  
, 232 
, 2 3 2  

, 2 3 0  
, 2 3 0  
, 2 3 1  
, 2 3 1  
, 5 9 4  
, 2 3 3  
a 2 2 9  
, 2 3 0  
, 2 3 0  
e 4 1 6  
, 2 3 3  
, 228 
,230 
, 2 3 0  
,230 

, 231  
, 2 2 7  
, 2 2 9  
a 224 
, 2 3 0  
, 4 5 4  
* 228 

227 
, 228  
,229  
, 2 2 9  , 229 

, s b 3  

9 426 

, 4 1 3  
,161 
, I96 
, 1 9 1  
, 6 b  1 
, . s&b  
, 1 7 8  
, 1 7 7  
, 1 7 7  

, J 4  1 
, 1 7 9  
, 1 7 7  
, 1 7 7  

,383 
, 1 0 0  
, 1 7 8  
, 1 7 1  
, 1 7 7  

- 4 1  1 

,462 

,666 

, P85 
, 1 7 9  
, 178  
,178  
, 1 7 7  
, 5 2 7  
, 2 0 4  
, 1713 
, 1 7 8  
,179  
, 1 7 7  
, 1 7 7  

, 5 3 7  
, 1 6 6  
, 1 6 7  
, 1 h 7  
,b7R 
,4119 
,1 b 7  
, 1  h 7  
, 1  b4 
, b 8 7  
,440 
, 1 I 2  
,lb7 
, 142 
, b 9 0  
, 4 5 9  

1 7 7  
, 1 6 7  
,162 
,162 
, 7 0 2  
, a 7 4  
, 1 7 7  
,166 
, 1 6 1  
, 1  b 2  
,s39 
, 2 5 7  
, 1 7 u  
,167  
, 1 6 1  
, l b l .  
, lhi? 

, 5 5 2  
, l b b  
, 1 4 6  
,1Qb 
,684 
,515 
* 1 4 7  
, 1 46 
, l a 8  
,696 
, 505  
, 148  
,146 , 1 4 9  
, 702  
,517 
, 1 7 0  
,14b 
,149 
, 1 4 9  
, 715  
, 5 2 8  
,230 
, 145  
,148 
, 1 4 9  
,s54 
,320 
, 1 4 7  
, 1 4 8  
, 1 4 9  
,149  
, 1 4 9  

,e75 
, 3 1 6  

, 1 3 9  
,135 
, b e 7  
a 5 4  1 
, 2 7 0  
,134  
, 135 
, 7 0 4  
, 593  
, 2 7 5  
,135 
,136  
, 1 0 9  
,354 
,289 
, 1 3 4  
, 1 3 5  
, 1 3 h  
, 7 2 0  
,56@ 
,298 
, 1 3 4  
,135 
, 1 3 h  
, 5 7 4  
,580  
,135  
, 135 
,136 

,276 

8 136 
, 1 3 4  

A 
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TABLE 28.- STATIC PRESSURES FOR HIGH-EXPANSION-RATIO NOZZLE, ROW 14 

0 , 0 0 0  

,000 

,60 1 
,603 

,bQ1 
, h 0 2  
,801  
, 8 0 2  
,80 1 
, 8 0 1  
,81)1 
, 9 0 0  
, 90 3 
,902 
,9(? 1 
,901 
,902 
,911 3 
,911 1 

,942 
,9u2 
, 9 u  t 
I, 199 
1 , 2 0 0  
l , i ? O O  
1,201 
1.201 

,942 

0.573 1 0.591 

,373 
* 574 
,985 , 9 1 5  
@ 380 ,242 
, 375 ,233 
, 575 , 2 3 3  
,374 ,233 
, V8h ,915 
,380 ,241 
$76 ,233 

* 57s , 3 3 2  
374 , 2 3 3  
,985 ,915 

,745 
rZ32 
* 2 3 Z  
* 233 
,233 
,9! 1 
r 2 h l  
,230 
,231 
, 2 3 2  
,232 
, 9 1 2  
,?37 
,333 
, 2 3 5  
234 

for x/d of - P/Pt, i 
0.650 
, H I  7 
,225 
,200 
, % U ?  
,2oa 
, 8 1 1  
, 2 3 5  
, 2 0 1  
,200 
, 2 0 0  
, 8 1 1  
, 2 8 3  . Lu 1 
,%OO 
, 2 (1 !I 
,812 

-0.750 

, 4 1 2  
.35R. 
, 1  e 2  
,181  
,181 

, 345 
,193 
, 1 8 1  
,181 

,hl3 

, b 1 2  
, 357 
,192  
,182 

t H 1  
, 1 8 2  
, 6 1 0  
, 3 7 0  
,181 
, 181 
, l a 1  
, 1 8 1  

,192 
, 1 4 2  
, l H ?  
, 193 

,bo4 

- -  
0.850 
,u23 
, 3 8  1 
, 1 7 3  
, 173  
, 1 7 2  
, 4 1 3  
,355 

0 lb8 
, 1 b9 

0.912 0.950 

, 5s9 
@ 2 2 5  
, 2 8 9  
140 
, 1 4 0  
, 498 
, 2 3 5  
,246 
,139 

,108 ' ,154 1 , 1 4 0  
,014 , 4 7 5  , , 5 0 7  
, J a b  , , 241  ,263 

, l b 6  , 1 5 4  I , 1 3 9  
, 1 b 7  ,155 , , 140  
, U l S  , 480 ,521 

, 1 7 0  ,162 : ,233 

,342 
,241 

, 508 
, I  b8 
, I 68 
,lb7 1 
,420 I 
,385 I 
,170 ~ 

I , l h 8  I 

~ ,405 
* 192 
, 1 b 9  
,1 bB 

' ,lb9 

I , 1 7 1  

,167 ' 
, lb8 

@ 139  
,140 
, 140  
, 5 4 8  
, 365 
,274 
, 138 1 f 2  , 2 0 4  
* 1 3 9  
, 1 4 0  .I79 
,497 - 5 t u  ,532 
, 326 , J90 * 192 

140 , 131 , 1 5 5  

, 1 O b  
, 1 0 7  

* 142 . I  h 5  , 2 7 6  

1.002 1.050 

3 3 9  
, 1 5 3  ,234 
, 1 a5 ,222 

3 5 8  ,355 
, 32a * 3bY 
, 1 3 4  , 198 
0 I30 ,114 

345 , 3 4 6  
32 1 ,377 
132 116 
130 , 1 0 7  
, b 2 3  ,575 

,312 , 385 
,132 ,175 
, I  30 ,107 

0 3 7 0  ,585 
-31 e ,399 

, 4 0 5  , bb8 

32 I ,368 

. I 3 0  106 
, b U Z  ,by 1 

1.100 



TABLE 28.- Concluded 

P t , j  P/Ptlj for x/a of - 
-- - Mm 

pm 1.155 1 .200  1.300 1.500 

0,000 
,000 
, ouo 
,000 
, m a  
, 60 1 
,603 
,603  
,601 
, b o 2  
, 8 0 1  
,802 
, B r r l  
,eo1 
,801 
,900 
,903 
, 9 0 2  
,9111 
, 9 0 1  
,902 
, 9 0 3  
,gu 1 
,942 

9uz 
,9ui! 
,941 

I .200  
1,200 
1,201 
1,201 
1,201 
I .ZOO 

1,199 

, 5 1 7  , 5 1 0  
, 3 3 9  

1 5 5  
, t u 5  
0 bi3u 
,SUI2 
e 328  
, 1 3 0  
, I  5 u  
,7@3 
,547 
, 37 1 
, I 3 2  
, 1 3 0  
e 7 1  1 
e 5 J 0  
e 3 1 k  
,132  
,130 

1510 
, 720  
, 5 0 0  
, 3 1 8  
, 132 

,129 
e583 
, 590 
e 165 
* 131 
,131 
* 132 
" 1 3 5  

.129 

,501 , 507  
, 5 5 3  , 32u 

,2?2 ,257  

,5261 , 5 5 9  
. J b 9  , J U 5  
,198 ,273 
. I  1u , 182  
, T u b  ,72h 
85u5 , ,551 
,377 ,365 

,23u ,266 

, 6 9 3  ,695 

, 178  
, 1 0 7  
,717 
,568 . 3n5 
,175 
. l o 7  
, I  Ob 
,726  
, 5 7 9  
,399 

, 1 0 7  

,%Ob 
, 1 U b  

a h 2 4  
,467 
, 2 7 6  
,135  
,108  
, 1 0 8  
, 1 0 8  

,292 
,127 
,737 
,572  
,385 
,287 
, 1 1 3  
, 1 0 7  
,7U8 
,5h1 
, 0 0 1  
, 2 9 9  
,115 
,105 

,535 
,307 
- 1 9 8  
, I  13 
, ov3 
,092 

, 6 6 8  



4 Nose-forebody Low-pressure plenum *+I n s t r u m e n t a t i o n J ~ T r a n s i t i o n ~ ~  Nozzle t 

I 

- I 

I 
I \ 

- .- 

I 
Nozzle exit 

Am= 265.61 cm2 

Sta. 0.00 
Metric break T..LI-- 

Sta 
T Hiqh-pressure plenum 

. 6,7y ieiiuii x a i  

Bellows 

Nozzle exit 
Sta. 104.01 Sta. 122.94 Sta. 139.83 

r I I 
I Sta. 167.15 

I 

Tunnel 
center line 

,- \\ Balance LBaffle plate 12 1 total-temperature total-preSSUre probes probe and \ I \ \ \ \ 8 equally spaced nozzles I 

55; 88 

Streamwise blade chord length 
50.8 cm and thickness ratio 
of 5 percent 

Figure 1.- Air-powered nacel le  model with nonaxisymmetric plug nozzle in s t a l l ed .  
All dimensions a r e  i n  centimeters un less  otherwise noted. 



2.54 
3.81 
5.08 
6.35 
7.62 
8.89 

10.16 
11.43 
12.70 

.6332 ,6332 

.9500 .9500 
1.2667 i 1.2667 
1.5832 1 1.5832 
1.8999 , 1.8999 
2.2164 1 2.2164 
2.5331 2.5331 
2.8499 ! 2.8499 
3.1664 3.1664 

0.0 5 x '  5 15.2654 15.2654 5 x '  5 67.31 

a ( x ' )  = x '  t a n  (g) 
b(x') = x '  t a n  (k) 
, ,(X') = 2.00 

1 -0.363118 -5.209539 
-5.5789 71 , 2 1 -25.208332 

10-1 1 Sta. 67.31 Sta. 0.00 -.e34887 x -.213163 x 14" I 42.329327 1 11.548538 
5 548.051732 -1 7.9421 17 

Nose-forebody external  geometry parameters 

I I !4 
I----- 34.29 I 7.0564 ' 6.6797 4.0652 I 

4.3139 , 
4.5695 
4.8307 

~ . O O O O  i 
2.0000 
2.0000 1 1 2.0000 
2.0000 
2.0000 

, 2.0000 
' 2.0000 

2.0000 

I 2.0000 I 
I 2.0000 

35.56 I 7.1923 ' 6.7871 
36.83 7.3205 6.8877 
38.10 , 7.4412 , 6.9817 
39.37 1 7.5547 ! 7.0693 
40.64 I 7.6614 I 7.1514 

5.0957 ' 
5.3632 
5.6314 ,' 
5.8989 
6.1641 
6.4253 
6.681 1 
6.9299 
7.1704 
7.4011 
7.6205 
7.8276 1 8.0209 
8.1995 

41.91 ' 7.7612 
43.18 7.8547 
44.45 7.9418 
45.72 8.0231 
46.99 8.0985 
48.26 8.1681 

' 49.53 8.2324 
I 50.80 

52.07 
! 53.34 1 54.61 

55.88 
57.15 

' 7.2276 
I 7.2984 

7.3645 
7.4254 
7.4816 
7.5334 
7.5809 
7.6243 
7.6639 
7.6995 
7.7313 
7.7597 

13.97 
15.24 
15.26 
16.51 
17.78 
19.05 
20.32 
21.59 
22.86 
24.13 
25.40 
26.67 
27.94 
29.21 
30.48 
31.75 
33.02 

3.4831 
3.7998 
3.8062 
4.1082 
4.4003 
4.6769 
4.9388 
5.1872 
5.4229 
5.6459 
5.8577 
6.0582 
6.2481 
6.4282 
6.5987 
6.7600 
6.9124 - 

3.4831 ' 2.0000 
3.7998 ' 2.0000 
3.8062 2.0000 
4.1041 2.0098 
4.3845 2.0402 

8.2913 
8.3449 
8.3937 
8.4376 
8.4767 
8.5113 
8.5413 
8.5669 
8.5885 
8.6058 
8.6192 
8.6286 
8.6342 
8.6360 

4.6441 
4.8847 
5.1087 
5.3172 
5.5118 
5.6937 
5.8636 

2.0909 
2.1617 
2.2520 
2.3614 
2.4892 
2.6348 
2.7971 
2.9754 
3.1684 
3.3752 
3.5944 
3.8249 - 

7.7848 8.3622 
7.8064 8.5080 58.42 

59.69 
60.96 
62.23 
63.50 
64.77 
66.04 
67.31 

7.8250 8.6362 
7.8402 8.7460 
7.6433 , 8.8367 

6.0228 
6.1719 
6.3116 
6.4422 
6.5649 - 

( a )  Nose-forebody sect ion,  with equat ions and table def in ing  the  ex te rna l  geometry. 

Figure 2.- External geometry of nose-forebody sect ion.  A l l  dimensions are i n  cent imeters  
un less  otherwise noted. 



Y' 

r' 

Z' 

z'(x') = rl(xl) cos e y'(x') = r'(x') sin e 

(b) Supere l l i p se  c r o s s  s e c t i o n  a t  cons t an t  va lue  
of x', looking upstream. 

i 

Figure 2 e - Concluded. 



122.94 5 x' 5 134.29 134.29 5 x' 5 139.83 

y'(x') = r'(x') sin e 
z'(x') = r'(x') cos e 

Sta. 122.94 b(x') 

Transi tion-section 
internal-geometry parameters 

x' a(x') b(x') ~ ( X I )  

---- 
122.94 
126.75 
127.13 
127.51 
127.89 
128.27 
128.65 
129.03 
129.41 
129.79 
130.18 
130.56 
130.94 
131.32 
131.70 
132.08 
132.46 
132.84 
133.22 
133.60 
133.99 
134.29 
139.83 

6.2865 
6.2865 
6.2865 
6.2865 
6.2865 
6.2865 
6.2865 
6.2865 
6.2865 
6.2865 
6.2865 
6.2865 
6.2865 
6.2865 
6.2865 
6.2865 
6.2865 
6.2865 
6.2865 
6.2865 
6.2865 
6.2865 
6.2865 

6.2865 
6.2865 
6.2675 
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Figure 4.- Nonaxisymmetric wedge nozzles. 
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96 



1.0 

.8 

.6 

"Pt, j 

.4 

.2 

0 
5 7 .9 1.1 1.3 1.5 1.7 .< .. 

x/ d 

./pa = 2.00. ( a )  Pt,]  

Mca 

0 0.60 1 
0 .80 
0 .90 
n .94 : 

.5 . 7  .9 1.1 1.3 1.5 1.7 

(b)  ptlj/pa = 6 .00 .  

Figure 19.- Effect of Mach number on wedge c e n t e r l i n e  static-pressure prof i les  
a t  selected t e s t  conditions for  low-expansion-ratio nozzle. 

A 



1.0 

.a  

. 6  

. 4  

.2 

XI d 

( a )  ~ ~ , ~ / p , , ,  = 2.00. 
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a t  selected t e s t  condi t ions  f o r  high-expansion-ratio nozzle.  
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pressure  p r o f i l e s  f o r  high-expansion-ratio nozzle. 
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Figure 26.- Effec t  of nozzle pressure r a t i o  on sidewall  center- l ine ex terna l  
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